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FOREWORD 


The National Aeronautics and Space Administration, through its 
charter to explore the planets and to assess the Earth's resources, has 
developed the technology and the expertise for the deployment of 
instrumentation oapable of the remote measurement of global distributions 
of biologically important quantities. This preeminence in the use of spaoe 
for the remote, near-synoptlo measurement of eoologioal variables is 
important in the development of global eoologioal models and introduoes the 
prospect for significant advances in physioal and biologioal oceanography. 

The measurement of physioal variables and processes using the 
instruments on Seaaat-1, and the measurement of biologioal variables and 
processes using the Coastal Zone Color Soanner on Nimbus-7, has encouraged 
interdisciplinary investigations at solentifio institutions world-wide. 
This report summarizes the results of one effort to develop and apply the 
technology of the remote scientific measurement of physioal variables to 
the study of the distributions and interactions of the lowest orders in the 
food chain in the world's ooeans. 
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ABSTRACT 


The prospect of the National Aeronautics and Space Administration 
developing a second generation Ocean Color Scanner has produced the need 
for coincident in situ scientific measurements which examine the primary 
productivity of the upper ocean on time and space scales that are large 
compared to the environmental scales of interest. Central to the 
investigation of the productivity, are questions of the vertical and 
horizontal variability of the biota, including the relationship between 
ohlorophyll and primary productivity, the productivity of zooplankton, and 
the dynamic interaction between phytoplankton and zooplankton, and between 
these populations and the physical environment. To provide these 
measurements, a towed submersible must be constructed which can accommodate 
both an underwater LIDAR instrument and a multifrequency sonar. This 
report includes the requirements for the submersible, and the 
instrumentation necessary to perform these measurements, and describes the 
optical and acoustical technology required to develop that instrumentation. 
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SUMMARY 


The upper mixed layer of the ooean Is of vital Interest In man's 
Interactions with his environment. A significant portion of the world food 
supply depends on the harvest of the higher trophlo levels In the ooeans. 
Our sucoess In that harvest depends on our understanding of the dynamio 
processes of the food chain, which are governed by the productivity in the 
upper mixed layer of the ooean. This region is also of interest In 
attempts to describe the dynamio processes of ollmate-related phenomena 
because the global budget of carbon-dioxide may be regulated to a 
significant extent by physical processes which ooour near the sea surfaoe. 
Because this region exhibits considerable physical and biological aotlvity, 
the biological species exhibit patchiness at all soales, and for all 
trophic levels. Thus, to examine the food chain in adequate detail, 
dynamic models must be formulated based on measurements of the distribution 
of the various trophlo levels, and of the physloal structures whloh 
Influence them, over time and space scales that are large compared to the 
environmental scales of the region of Interest, and that reflect the 
distribution of these trophic levels throughout the world's ooeans. The 
difficulties in formulating these models, particularly in frontal regions 
or in dynamic features such as warm core rings, result in part from our 
lack of understanding of the dynamics of the three-dimensional 
distributions of the phytoplankton and zooplankton communities. 

To formulate these models, the NASA Satellite Ocean Color Science 
Working Group has recommended that data from the next generation Ocean 
Color Scanner be coupled with data measured remotely from aircraft and from 
multiple in sit u platforms to increase our understanding of the 
productivity, and of the net uptake of carbon by the marine biosphere. The 
satellite instruments presently available can provide synoptic 
measurements of ocean surface temperature using both mlorowave and infrared 
radlometry, and measurements of surface wind-driven waves using radar 
scatterometry. Images of the horizontal distribution of chlorophyll, and of 
the diffuse attenuation coefficient can be provided by ocean color scanners 
such as the CZCS. The use of aircraft in these experiments permits the 
monitoring of surface features which must be covered repeatedly during a 
period of a few hours. These instruments provide measurements of the 
surface color, the near-surface vertical distributions of chlorophyll, the 
near-surface temperature and salinity profiles, and the sea-surface 
temperature. 

To complement these remote observations, shipboard measurements of 
the physical parameters of the water column can provide the vertical 
structure of temperature and salinity, the distributions of suspended 
particulate matter, phytoplankton and zooplankton species distributions, 
and water samples for chemical analysis. These measurements are 
essential for the In situ calibration and verification of remotely 
measuring instruments, and to provide In situ coincident scientific 
measurements. 
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For the monitoring of regional features that exhibit algnifioant 
long-term variability, the use of moored arrays of sensors oan provide long 
time-series measurements of the blologloal and physioal parameters that 
define the dynamlos of the region, inoluding vertloal profiles of 
temperature and ourrent, looal measurement of suspended parti oulate matter, 
nutrients, and ohlorophyll. To provide measurements of the along-traok 
two-dimensional (vertloal) physioal and blologloal properties of the water 
oolumn for correlations with two-dimensional (horizontal) surfaoe Images of 
ooean color provided by an ooean oolor scanner, a towed submersible must be 
used that has the capability of aoquirlng measurements in the region 
between the surface and a suitable depth below the seasonal thermoollne. 

These global observational techniques rely on ohlorophyll as an 
indicator of biomass, and thus provide a partial understanding of the 
dynamics of the food chain through observations of the intermediate trophio 
levels. The basic assumption is that remote sensing from above the sea, 
combined with remote sensing from within the ooean, will be truly 
synergistic, providing three-dimensional insight to the relations between 
physics and biology. 


SCIENTIFIC RATIONALE 

To achieve an understanding of these processes, it is important to 
understand the relationship between phytoplankton productivity and the 
vertical and horizontal variability of the ocean, including the 
relationship between chlorophyll abundance as a measure of biomass and 
phytoplankton productivity, the productivity of zooplankton in the upper 
mixed layer, the dynamic interactions between phytoplankton and 
zooplankton, and the roles that these trophic levels play in the dynamlos 
of the food chain. The specific questions that can be addressed by this 
research are the relationship between remotely sensed biomass and primary 
production, and the relationship between the three-dimensional distribution 
of chlorophyll and the surface images observed by the CZCS. This latter 
question includes the description of the coupling of deep populations of 
phytoplankton and zooplankton a 1th the near-surface populations, the role 
of physical dynamics in that coupling, and the relationship between 
specific phytoplankton color groups, zooplankton species, and the physical 
regime. 

The phytoplankton species are distributed vertically through the 
water column with stratification occurring among their populations. The 
vertical distributions frequently exhibit a maximum abundanoe, the deep 
chlorophyll maximum, located at three to four optical attenuation depths 
below the surface. Present theories suggest that biological effects are 
most pronounced at horizontal scales of hundreds of meters to kilometers, 
with temporal scales of hours to days. Regional features such as the 
dynamics of ocean currents, or of frontal systems, are often observable 
using the biology as an indicator. These features can occur on horizontal 
scales of hundreds of kilometers, and times of weeks to months. 
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Phytoplankton biomass, while an Important factor, doea not control 
the productivity of the eooayatem alone. Zooplankton play a orltloal role 
in the tranafer of primary production up the food ohaln and in eatabllahlng 
equilibria in the apatlal and temporal di atri butiona of phytoplankton 
species. The diurnal migration of zooplankton, and the patohlneaa whioh ia 
observed at all scales, reaulta in a dynamic pattern of zooplankton grazing 
that dependa strongly on apeciea behavior, and on the diatrlbution and 
dynamlca of the phytoplankton community. Theae patterns depend on the 
horizontal variability introduced by the turbulent mixing of nutrients 
into the euphotlc zone through the thermooline, and on the dynamics of the 
frontal structures along which changes in the biologloal communities are 
observed to occur. The variability of the phytoplankton-zooplankton 
Interactions ia of key scientific Interest in describing the effects of 
biology on the spatial and temporal variability of ocean color. This 
variability has in turn placed considerable doubt on theories or concepts 
based on average values over large spatial or temporal scales. 

To understand these dynamic processes, the strong correlation 
between the physical parameters and the biological distributions must be 
understood. The measurement of temperature and salinity are essential in 
understanding the dynamics of these distributions, and in interpreting 
remote observations. The optical properties of the ooean are also 
important in an Investigation which seeks to link the variation of physical 
properties with the distribution of biolcgiCwl communities in the surface 
mixed layer. The absorption and scattering of the incident solar radiation 
governs the amount of energy available for photosynthesis in phytoplankton, 
and thus Influences the lowest trophic levels. To study this phenomenon, it 
is necessary to obtain an accurate measure of the spectral lrradlance in 
the water, and to measure those parameters which affect the transmission of 
radiant energy, including the diffuse attenuation coefficient. 

To investigate the horizontal and vertical variability of these 
populations at all scales, multiplatform measurement strategies must be 
used. Present studies of ocean color using satellite instrumentation give a 
synoptic view of the biological and physical features with a horizontal 
resolution of kilometers. To complement the synoptic measurements, the 
shorter time scales available through the use of aircraft and ships are 
essential for the measurement of the dynamics of patches because the times 
required for their establishment and clearing are often below the Nyqulst 
period of satellite observations. However, remote techniques cannot, by 
themselves, be used to explain the processes that determine these features 
because they have no probability of viewing to depths of more than two 
diffuse attenuation lengths because of the absorption in the water column. 
Estimates based on available data indicate that substantially less than 
half of the chlorophyll in the water column is seen by the CZCS at two 
optical depths based on the Integrated spectrum, accounting for 
approximately half of the total phytoplankton productivity of the water 
column. Remote in situ measurements from a towed submersible LIDAR and 
acoustics system can be used to examine both the vertical and horizontal 
variability of physical and biological variables on smaller scales that 
complement data obtained otherwise by ships and moorings. These 
measurements will provide insight to the physical and biological phenomena 
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whioh underlie and help determine the surfaoe struoture observed by 
aircraft- and satellite-borne reaote Instrumentation, and permit the 
correlation of the blologloal populations with the physloal environment. 


TECHNOLOGY REQUIREMENTS 

To provide vertloal profiles of phytoplankton and sooplankton 
distributions through the water oolumi., froa below the seasonal theraoollne 
to the surfaoe, a towed subaeralble must be oonatruoted whioh oan 
accommodate both an underwater LIDAR Instrument and a multi frequency sonar. 
This submersible should Include Instrumentation to reaotely measure the 
salinity and temperature distributions to an aoouraoy that is sufficient to 
resolve biologloally important fronts. An upward-looking eohosounder or 
pressure gauge should be lnoluded for measuring the vehlole depth, and a 
system should be constructed that is oapable of real-time display and 
analysis of the data. 

To maximize the return of scientific data, the spatial resolution 
and spatial coverage should be comparable for both the aooustical 
instrumentation and for the LIDAR. The minimum penetration depth should be 
2 to 3 diffuse attenuation depths above and below the vehlole. Range- 
gating Is required to achieve a vertical resolution of 1 m. The horizontal 
spacing between samples should be approximately 10 m because of the 
assumption that horizontal diffusion creates isotropy on scales that are 
small compared to the length scale for patohlness. Either simultaneous 
measurements of the phytoplankton and zooplankton populations are required 
in the same volume, or the measurement of statistically similar volumes 
must be made for the inter com pari son of these populations. 


OPTICAL TECHNOLOGY 

The accomplishment of these goals will require the use of 
sophisticated laser and optical spectral analysis technology. The light 
source should be a pulsed blue-green laser with a pulse length of 5 ns and 
a pulse repetition rate of 10 to 100 Hz. The return signal should be 
spectrally resolved using range-gated multi-channel analyzer receivers. 
The high output power and high efficiency of exclmer lasers makes them 
attractive for oceanographic applications. The ZeCl laser system has an 
output wavelength of 306 nm. This laser radiation can be shifted to the 
blue-green (459 nm) by near-resonant stimulated Raman scattering. 

Remote observations of the physical structure have used the water- 
stretch Raman measurements to Infer the optical properties of the water 
column, and the temperature. Raman scattering occurs as an interaction 
between the incident light field and the thermally excited molecular 
vibrations of water. The integrated intensity of the Raman band can be 
used to measure the diffuse attenuation coefficient as a funotlon of depth 
by accounting for the attenuation at the transmitted and Raman shifted 
wavelength. The temperature can be measured by examining the 
depolarization of the Raman-shifted light. 
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to oomplement these measurements, Brlllouln scattering techniques 
have been used for the measurement of the looal sound speed in water. 
Brlllouln soatterlng ooours as an Interaction beteeen the lnoldent light 
field and ultraaonlo waves produced as a result of turbulent processes. 
The resulting photon-phonon soatterlng produoea a symmetric pair of lines, 
centered on the lnoldent laser line, and separated from It by a wavelength 
that Is proportional to the sound speed In the water. In regions of strong 
salinity gradient, the use of a oomblned Raman-Brlllouln system may be 
required to estimate the temperature and salinity. 

The spectral refleotanoe from pigmented phytoplankton is a measure 
both of the particle size through Mle soatterlng and of the absorption by 
the pigments. The absorption and the fluorescence efficiency of 
chlorophyll g, and of other pigments, reveals the state of health of the 
phytoplankton and the distribution of ohl orophyll-related biomass. By 
excitation and detection using multiple wavelengths between 440 nm and 
510 nm, to take advantage of the minimum in the absorption spectrum and of 
the optimum excitation wavelengths for chlorophyll fluorescence, speotral 
reflectance, and species identification, the taxonomic composition of the 
phytoplankton can be determined in a manner similar to the measurement of 
chlorophyll by the CZCS. The receiver should examine the fluorescence 
bands of phyooerythrln at 585 nm, and chlorophyll at 685 nm, for near- field 
measurements of the ohl orophyll-related biomass. 


ACOUSTICAL TECHNOLOGY 

The measurement of zooplankton populations can be made by 1 a situ 
remote measurements of acoustical backscatterlng from layers of high 
zooplankton concentrations using an acoustic analyzer based on a chirp 
sonar. This approach will provide a simultaneous vertical along-track 
profile which oan be used to describe the distribution of zooplankton 
populations and the Interrelationship between zooplankton and the physical 
and biological environment. 

Two properties of acoustical systems are Important In determining 
their performance, the maximum range and the range acuity. The maximum 
range over whloh a target oan be detected Is determined by the signal-to- 
noise ratio of the Instrument, and Is frequency dependent because of 
differential absorption In the water oolumn. The signal- to- noise ratio for 
detection of acoustical backscattered energy depends on the transmitted 
energy, the receiver sensitivity, and the logarithm of the acoustic 
scattering cross-section of the organisms under study. The use of a linear 
frequenoy-modulated sonar, based on the principles of chirp radar, will 
substantially enhance the transmitted energy over that available using a 
single- frequency ping system while maintaining the desired range 
resolution. The backscatterlng cross section can be evaluated 
theoretically by using a scattering model. Existing scattering models are 
a good approximation for euphausilds and sergestld shrimp, but not for 
copepods, which exhibit a distinctive orientational dependence of the 
soatterlng cross section. 
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RESEARCH REQUIRED 


Several areas of instrument technology development and researoh 
are required to design a towed submersible instrument. Quantitative data 
on the signal and noise levels to be expeoted for Brlllouln and Raman 
scattering are needed. Quantitative data on the signal levels to be 
expeoted for the spectral reflectanoe in aeleoted bands, and the optimum 
bands to be used for the measurement of ohlorophyll concentrations, are 
needed. Quantitative data on the signal levels to be expeoted for the 
6 85 nm ohlorophyll g fluorescence band are needed for varying water 
conditions, and investigations of the underwater propagation of laser light 
are needed. A theoretical analysis, substantiated by laboratory 
measurements, is needed to determine the speotral irradlance (watts/om 2 per 
wavenumber) on the entrance aperture of a submersible Instrument for the 
measurement of Raman, Brll'ouln, turbidity, fluoresoenoe, and baoksoatter 
signals. The algorithms required to analyze these data, and to produce 
information on tha structure of the physioal and biological features in the 
water are also needed. 

Quantitative data are also required which permit the comparison of 
a chirp sonar direc ly to a ping sonar having the same range acuity, 
frequency, and pulse .'.ntenaity. This comparison will permit the assessment 
of these two techniques and the evaluation of the anticipated aignal-to- 
noise ratlc enhancement from the chirp sonar. Quantitative data are 
required to define the detailed nature of the scattering of acoustio 
signals from zooplankton populations, including the dependence on size 
distributions and species types. For this assessment, measurements are 
required of individual target strengths, and additional modeling is 
required to extend the measurements tc the backscatterod signal obtained 
from collections of individuals of various species. Effects of non- 
spherlcal scatters and scattering from multiple targets should be included 
in these analyses. 
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SECTION I 


INTRODUCTION 


Production of a significant portion of the world food supply 
depends on the harvest of the higher trophlo levels in the oceans. The 
upper ocean is the primary region of interest in attempts to describe the 
dynamic processes of the food chain, which in part determine our sucoess in 
that harvest. These processes are governed by the productivity in the 
upper ocean, extending tens of meters from the ocean surface to below the 
seasonal thermocline. This region is also of Interest in attempts to 
describe the dynamic processes of climate-related phenomena because the 
global budget of carbon-dioxide may be regulated to a significant extent by 
physical processes which occur near the sea surface. Because this region 
exhibits considerable physical and biological activity, the biological 
species exhibit patchiness at all scales and for all trophic levels (cf. 
Steele, 1978, Haury, et al., 1978). Thus, to examine the food chain in 
adequate detail, dynamic models must be formulated that reflect the 
distribution of trophic levels throughout the world's oceans. These models 
must be based on measurements of the distribution of trophic levels over 
time and space scales that are large compared to the environmental scales 
of the region of interest. The difficulties in formulating these models, 
particularly in frontal regions, or in dynamic features such as warm core 
rings, result in part from our lack of understanding of the dynamics of the 
three-dimensional distributions of the phytoplankton and zooplankton 
conn uni ties. 

Remote observations of the ocean are presently underway both from 
satellites and from aircraft. Because the ocean is relatively opaque to 
electromagnetic radiation, the depths attainable by remote observational 
techniques depend on the wavelength used. Microwave measurements of the 
sea-surface temperature average over one wavelength in depth (cf. NASA, 
1980). In contrast, the Coastal Zone Color Scanner (CZCS), (cf. NASA, 
1980, Carder, 1981, Hovis, et al., 1980) provides two-dimensional Images of 
the upper ocean, on a global scale, which are formed by a weighted return 
from approximately the first optical attenuation depth in the water column. 
An optical attenuation depth is defined as the depth at which light is 
attenuated to 1/e of its surface value, and thus changes with wavelength. 

To complement these measurements, present aircraft-borne oceanic 
L ID* R (Light Detection and Ranging) can measure the temperature 
distribution in the first optical attenuation depth to an accuracy 
comparable to that achieved for sea-surface temperature from a satellite 
(cf. Leonard, et al., 1979, Leonard, 1980, Carder, 1 9 8 1 ) . The measurement 
of chlorophyll abundance, using the fluorescence excited by an airborne 
oceanic LIDAR, has a present accuracy (-• 30<) in the first optical 
attenuation depth that is comparable to the accuracy attainable by in situ 
fluorometers (cf. Carder, 1961, Bristow, 1978, Bristow, et al., 1 97 9 f 
Smith, et al., 1 982). 
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Preliminary oonolusions from the NASA Satellite Ooean Color 
Soienoe Working Group (J. Walsh, personal ooaaunioation) are that improved 
models using data from the next generation CZCS and multiple in situ 
platforms, inoluding a towed LIDAfl and aoouatios sensor, are neoesaary to 
inorease our understanding of the productivity and of the net uptake of 
oarbon by the marine biosphere. As a step toward the realisation of these 
goals, Smith, et al., 1982, used the CZCS to examine the primary 
productivity in the Southern California Bight and noted a marked deorease 
in the productivity over a period of less than two weeks during Maroh, 
1979. These determinations depended upon both the CZCS and on a relatively 
aoourate model of the productivity per unit ohlorophyll for the region 
under spring topographic upwelllng conditions, during whloh plankton 
nutrient availability oovaries closely with negative temperature anomalies. 
In this region, aea-surfaoe temperature, ohlorophyll, and daylength aooount 
for nearly 70* of the variability in primary productivity. For different 
seasons or other locations, more ooaplex models may be needed and a means 
of rapidly measuring phytoplankton and sooplankton distributions may be 
required. 


These global observational techniques rely on ohlorophyll as an 
indicator of biomass, and thus provide a partial understanding of the 
dynamics of the food chain through observations of the intermediate trophio 
levels. One difficulty in interpreting these measurements arises from the 
fact that the thermooline and the ohlorophyll maximum often ooour at depths 
in excess of three to four optioal attenuation lengths, depending upon 
season, weather, and location. Thus, to provide physical and blologioal 
interpretation of the information contained in the CZCS images, it is 
important to understand the dynamic three-dimensional ooean processes that 
oreate them, including, for example, the effeots of upwelllng on 
phytoplankton productivity, the effects of internal waves on the 
variability of the ohlorophyll maximum, and the oomplex interaction between 
phytoplankton and zooplankton. Suoh measurements oan only be made by In 
situ instruments which have the capability of examining the two-dimensional 
physical and biological structure of the euphotic zone of the ooean. 

This study explores the blologioal and physical ooeanographlo 
investigations needed to place the remote observations in oontext. The 
measurements, and the technology required to perform them, will be defined 
in the light of currently available technology and of existing measurement 
programs, and with a view toward the technological developments required 
for future investigations. The emphasis is on optical and aooustical 
techniques that will permit remote observations from underwater platforms, 
and on the requirements for the platforms themselves. 

The basic assumption is that remote sensing from above the sea, 
combined with remote sensing from within the ooean, will be truly 
synergistic, providing three-dimensional insight to the relations between 
physics and biology. 
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SECTION II 


SCIENTIFIC RATIONALE 


The principal aolentlfio goal of this program ia to underatand the 
dynamioa of the food ohaln In the upper mixed layer of the ooean. To 
aohieve thla goal, it ia important to underatand the relationahip between 
phytoplankton productivity and the vertioal and horizontal variability of 
the ooean on apatial and temporal aoalea whloh are large ooapared to the 
environmental aoalea of the region of intereat. Inoluded in the atudy of 
phytoplankton produotivity are inveatigatlona of the relationahip between 
chlorophyll abundanoea as a meaaure of biomaaa and phytoplankton 
productivity, the produotivity of zooplankton in the upper mixed layer, the 
dynamic lnteraotiona between phytoplankton and zooplankton, and the rolea 
that theae trophic levela play in the dynamioa of the food ohain. 

The apeoific questions that oan be addressed by thla program are 
the relationahip between remotely senaed biomaaa and primary production, 
and the relationahip between the three-dimensional diatribution of 
ohlorophyll and the surface images observed by the CZCS. This latter 
question Includes the description of the ooupllng of deep populations of 
phytoplankton and zooplankton with the near-surfaoe populations, the role 
of physical dynamics in that coupling, and the relationship between 
specific phytoplankton oolor groups, zooplankton species, and the physical 
regime. 


Figure 1 indicates the spatial and temporal regimes for eaoh of 
the taxonomic groupings, and a measure of the overlap between trophic 
levels (cf. Steele, 1978, Haury, et al., 1978). Also inoluded in this 
figure are the regimes of spatial and temporal ooverage accessible by the 
various measurement systems (of. Esalas, 1980). To investigate the 
variability of these populations at all scales, multiplatform measurement 
strategies must be used. Remote In situ measurements using LIDAR and 
acoustics techniques, for example, can be used to examine both the vertioal 
and horizontal variability of physical and blologioal variables on scales 
that complement data obtained otherwise by ships and moorings, and the more 
synoptic data obtained remotely by aircraft and by satellites. The short 
time scales available through the use of airoraft and ships are essential 
for the measurement of the dynamics of patches because the times required 
for their establishment and clearing are often below the Nyqulst period of 
satellite observations, whloh is determined by the repeat period and thus 
subject to weather constraints. 
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Figure 1. Space- Time Domains for Oceanic Phenomena 

(Adapted from Steele, 1978 and Esaias, 1980) 
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A. PHYTOPLANKTON 

The phytoplankton speoies of lntaraat rang* In ala# from 3 mi to 
200 urn equivalent diameter (of. Eppley, et al., 1977, Pugh, 1976). Theae 
apeolea are diatrlbuted vertically through the water ooluan, with 
atratlfloation ooourring among their populations, on a vertloal aoale of 
aetera or leaa. The vertloal dlatributiona of phytoplankton frequently 
exhibit a maximum abundanoe, the deep ohlorophyll maximum, located at three 
to four optioal attenuation deptha below the aurfaoe, often within the 
seaso.ial theraoollne. The aaalleat aoalea for phytoplankton patohineaa 
range from centlmetera, oreated by the interleaving of temperature and 
aalinity structures in the theraoollne, producing turbulent vertloal 
mloroatruoture on a time aoale of aeoonda, to metera oreated by horisontal 
variability in phyaioal structure on a time aoale of minutes. Suoh vertloal 
fine structure la of eoologloal intereat but Ilea below the aenaltlvity of 
the instrumentation conaidered here. 

The horizontal variability of theae populatlona oooura at all 
aoales. At aoales leaa than 100 m, where apeolea dlfferenoea may be 
important, the cell a respond aa paaaive tracers for the phyaioal motlona 
because insufficient time exists for a biological response to the dynamioa 
of the system. Present theories suggest that biologioal effects are moat 
pronounced at horizontal scales of hundreds of meters to kilometers with 
temporal soales of hours to days. Regional features auoh aa the dynamics 
of ocean currents, or of frontal systems, are observable using the biology 
as an indicator (of. Esalaa, 1980). These features oan ocour on horizontal 
scales of hundreds of kilometers and times of weeks to months, aa 
illustrated in Figure 1 (of. Steele, 1978, Haury, et al., 1978). Advances 
in our understanding depend upon Integrating Information on the growth of 
the plants, grazing by herbivores, and looal patterns of circulation, 
adveotlon, and mixing. The measurement of the number density and 
biological activity of individual species in a region is of Intereat, 
together with the distribution of sizes. 

The characteristic signatures of individual plant species (of. 
Yentsch and Yentsoh, 1979) may be found in the spectral refleotanoe, whloh 
measures the absorption of light by the pigments, and in the fluorescence 
from pigments, including the bands oauaed by gelbstoffe at 570 nm and from 
chlorophyll at 685 nm, as shown in Figure 2. The physiol ogioal atatua and 
taxonomic composition of these populations oan be determined in part from 
the ratios of phycoerythrin to chlorophyll, of carotenoids to ohlorophyll, 
and of the Mie scattering return to the amplitude of one or more of the 
fluorescence emissions. Phytoplankton speoies diversity among algal color 
groups has been measured (cf. Jarrett, et al., 1979., Esalaa, 1980) using 
multiple excitation wavelengths to produoe the fluoreaoenoe return, thus 
determining the fluorescence efficiency of the individual groups. These 
multiple wavelength techniques oan be used to detect ohangea in the speoies 
composition, both vertically and horizontally through the water ooluan, and 
to give a measure of the chi orophyll-related biomass of the system. 
However, the effeots of light history, temperature, and the distribution of 
nutrients on the fluorescenoe yield, remain as complications in the remote 
measurement of species diversity. 
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Figure 2. The diffuse attenuation coefficient as a funotion 
of wavelength. An illustration of the excitation 
and emission spectra of pigments. Excitation and 
emission spectra from Yentsch and Yentsoh, 1979. 


To determine the productivity of the phytoplankton, their vertioal 
distribution through the euphotic zone, from below the ohlorophyll maximum 
to the surface, must be known. This structure must then be related to the 
distribution of zooplankton species, and to the distribution of the 
physical and nutrient properties of the water column. The growth dynamics 
and rate processes of both plants and animals must be studied in sufficient 
detail to understand their dependence on the dynamics of the mixed layer, 
including the turbulent structure near the chlorophyll maximum. To 
understand these dynamic processes, the energetics of the exchange of 
nutrients, carbon, and oxygen between the water and the organisms must also 
be studied. 

Present studies of ocean color using the CZCS are limited by the 
portion of the water column available for measurement. Estimates based on 
available data, illustrated by Figure 3 (Cullen and Eppley, 1981, Smith, 
1981), indicate that substantially less than half of the ohlorophyll in the 
water column is seen by the CZCS at two optical depths based on the 
integrated spectrum, accounting for approximately half of the total 
phytoplankton productivity of the water column. Because the chlorophyll 
maximum occurs at three to four optical attenuation depths in the 480 nm to 
510 nm band, where minimum absorption ocoura, or four to five optioal 
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attenuation depths based on the visible spectral band, the ohlorophyll 
maximum is not aooesslble to present remote sensing techniques (of. Carder, 
1981, Bristow, et al., 1980, Smith, 1981). The CZCS image shown in 
Figure 4 (of. Smith and Baker, 1982) gives a aynoptlo view of ohanges in 
ooean oolor on a horizontal aoale of kilometers, but oannot, by itself, be 
used to explain the processes that determine these features. These dynamlo 
regions require detailed spatial and temporal observations for oomplete 
understanding. The Instantaneous distribution of ooean oolor has been 
translated to the distribution of ohlorophyll through algorithms developed 
by Smith and Baker, 1982 and by Gordon, et al., 1980. Observation using 
alroraft during daylight hours (Figure 1) oan provide the detailed 
distributions of ohlorophyll and temperature (Leonard, 1980, Bristow, et 
al., I960) to depths of one or two diffuse attenuation lengths. However, we 
have no probability of viewing these features to depths of more than two 
diffuse attenuation lengths using alroraft- and satellite-borne remote 
measurement teohniques (of. Esalas, 1980) because of the absorption in the 
water oolumn. 


B. ZOOPLANKTON 

Phytoplankton biomass, while an important faotor, does not control 
the productivity of the ecosystem alone. Zooplankton play a orltioal role 
in the transfer of primary production up the food chain, and in 
establishing equilibria in the spatial and temporal distributions of 
phytoplankton speoies. The zooplankton species of interest range in size 
from 100 um to 10 cm (of. Holliday and Pieper, 1980, Herman and Mitchell, 
1981), and include both herbivores and oarnlvores. The vertioal 
distributions of these species are highly stratified and can change as a 
function of physiological state, age, and time of day. 

The characteristic signatures of the individual zooplankton 
species are not well known. The biolumlnescenoe characteristics of 
individual species, to the extent that suoh signatures exist, may give an 
effective means of classifying individual species or groups providing 
sufficiently distinct and consistent spectral signatures can be obtained by 
laboratory and field analysis. For these measurements, the light history 
of bioluminescence may be measured using photometers having a suitable 
spectral and temporal resolution. 

The acoustic signatures of zooplankton size classes can be 
determined (Holliday and Piper, 1980) using both the scattering oross- 
section or target strength of individual species, and by observing 
resonances with swim bladders and other species-specific structures. The 
target strength is a function of the differential aooustio Impedance 
between the individual and the background, depending both on differential 
compressibility and on differential density, and is a funotlon of the 
orientation of individuals having an aspect ratio differing substantially 
from unity. These effects may be determined by obtaining the spectrum from 
individuals using appropriate multiple-frequency techniques. 
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Figure H. The Southern California Bight Viewed from the 

Nimbus-7 Coastal Zone Color Scanner. Photograph 
courtesy of R. Smith (cf. Smith and Baker, 1982). 
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C. PHYTOPLANKTON - ZOOPLANKTON INTERACTIONS 

The dynafflioa and near-surface variability of phytoplankton- 
zooplankton interactions are of key soientlflo Interest in describing the 
effeots of biology on the spatial and temporal variability of ooean oolor. 
This variability has in turn plaoed considerable doubt on theories or 
ooncepts based on average values over large spatial or temporal soales. 

The diurnal migration of zooplankton, and the patchiness whioh is 
observed at all soales, results in a dynamic pattern of zooplankton grazing 
that depends strongly on speoles behavior, and on the distribution and 
dynamics of the phytoplankton community. These patterns depend, in part, 
on the horizontal variability introduced by the turbulent mixing of 
nutrients into the euphotlc zone through the thermoollne. The transport of 
nutrients may also be responsible for the vertioal offset between tne 
phytoplankton and zooplankton maxima. To study these phenomena, the 
distribution of speoies near the chlorophyll maximum must be measured, and 
sufficient statistical information obtained, to adequately describe the 
patchiness observed within trophic levels, and its correlation with the 
observed physical properties of the layer. These measurements will often 
depend on the dynamics of the frontal structures along which large ohanges 
in the biological communities are observed to occur. This dynamic 
behavior inoludes the turnover of the water mass above the thermocline, and 
is critically dependent on the relationship between the spatial and 
temporal scales for the dynamic processes and for the biology. 

On a larger scale, advection and mixing may create vertical 
displacements in the thermocline, and in the deep chlorophyll maximum. 
These effects can be found in regions of coastal upwelling, where vertical 
velocities of the order of 0.1 mm/s produce a substantial flux of nutrients 
upward into the euphotlc zone, and in the passage of Internal waves. The 
surface manifestations of these phenomena are changes in tne observed 
surface temperature (cf. Gower, et al., 1980, Vukovlch and Crlssman, 1980) 
and salinity, and substantial changes in surface layer chlorophyll, oaused 
by changes in ambient light, by nutrient flux changes, and by an increase 
in chlorophyll density. These effects can be observed by remote techniques 
(Esalas, 1980, Gordon, et al., 1980). Other examples of combined vertical 
and horizontal processes are the advective motions generated by eddy 
diffusion, by Langmuir circulation, by war^-core rings, and by regional 
gyres. 


The distribution of higher trophic levels in the food chain 
depends on the grazing dynamics of these species, especially on the 
schooling, aggregation , and mobility of the larger species. These 
distributions depend partially on the detailed distributions of the lower 
trophic levels but especially on the cycle or ambit of migration of tne 
larger species. This range depends also on the temperature and salinity of 
the water mass at larger scales, but the biological factors may be the most 
restrictive. 
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D. OCEANIC VARIABILITY 


To understand these dynamio prooasaas, the strong correlation 
between the physical parameters and the blologloal distributions must be 
understood. For example, the thermal and denalty atruotures that exlat 
near the thermoollne influence the blologloal productivity and serve to 
oonoentrate the blologloal species in narrow bands that seem to be looked 
to that structure. Fluctuations of the ohlorophvil maximum are often 
associated with suoh structures. The measurements of temperature and 
salinity are essential in understanding the dynamlos of theae 
distributions, and in interpreting remote observations. 

Existing temperature measuring techniques using expendable 
Bathythermograph (XBT) or thermistor ohalna have limitations in defining 
the vertioal distribution through the water oolumn along the traok of a 
ship. To produoe a vertioal resolution of 1 m in remote measurements made 
20 m or more from a source, range-gated optioal techniques must be found to 
produoe these measurements to the aoouracles required. The use of the 
Raman return presently yields data with a resolution in exoess of one 
degree (cf. Leonard, at al., 1 979* Leonard, 1980). Although this technique 
oan be improved, it is unlikely that the resolution oan be improved 
substantially below 0.5°C. Suoh resolution will be required to make this 
technique useful for the examination of the thermal structure. As a 
complementary technique, Brlllouin scattering, the scattering of light from 
acoustic waves in water, measures the speed of sound in the water, and 
gives a frequency shift dependent on both temperature and salinity 
(Hirschberg, et al., 1977)* Although early measurements have not given 
accurate results, calculations support temperature resolution substantially 
better than one degree. The salinity must be measured separately, perhaps 
by the use of a combination with Raman measurements, to produce this 
accuracy. 


These or other techniques can be used to measure the vertioal 
distribution of temperature and density in the water column. By comparing 
these measurements to an absolute measure of both the temperature and 
salinity at one depth, the vertical structure of temperature can be 
deduoed. 


The optical properties of the ocean are an important part of an 
investigation whloh seeks to link the variation of physical properties with 
the distribution of biological communities in the surfaoe mixed layer. The 
absorption and scattering of the incident solar radiation (of. Zaneveld and 
Splnrad, 1979, Gordon, 1980, Simpson and Dickey, 1981) governs the amount 
of energy available for photosynthesis in phytoplankton, and thus 
influences the lowest trophic levels. To study this phenomenon, it is 
necessary to obtain an accurate measure of the spectral irradiance in the 
water and to measure those parameters which affect the transmission of 
radiant energy, including the diffuse attenuation coefficient. Thus, the 
absorption spectra shown in Figure 2 (Smith and Baker, 1981), the surfaoe- 
layer scattering, and the scattering and polarization effects of suspended 
particulate matter in the water oolumn are important physical phenomena to 
study. 
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E. RATIONALE FOR REMOTE IH SITU MEASUREMENTS 


The dynamio prooeaaes shown In Figure A oannot be properly 
Interpreted without measuring the vertioal atruoture of the phyaloal and 
biological propertlea of the water ooluan In the region between the 
aeaaonal theraoollne and the aurfaoe. Thla vertioal atruoture oan be 
obtained by ualng a towed aubmeralble oontalnlng a range-gated LIOAR 
ayaten dealgned for underwater applloatlona aa llluatrated In Figure 5. 
Thla ayaten oan measure the ohlorophyll-related bloaaaa by the uae of 
multiple wavelength optloal exoltatlona to examine the dlatrlbution of 
phytoplankton abundanoea by aeaaurlng the apeotral refleotanoe and ealaalon 
apeotra from chlorophyll and other plgnenta. The Rayleigh aoatterlng 
return oan be used to monitor the partloulate number denalty and Brlllouln 
and Raman aoatterlng oan be uaed to neaaure the temperature and salinity 
distributions. These neaaureaenta provide Insight to the phyaloal and 
blologloal phenomena whloh underlie, and help determine, the surfai •» 
structure observed by alroraft- and aatelllte-borne remote Instrumentation. 
Simultaneous measurements of the distribution of zooplankton abundanoea oan 
be mads by an jjj situ acoustic analyzer based on a ohlrp sonar. Two- 
dimensional vertioal spatial resolution of 1 a oan be obtained by range- 
gating the measurements 2 to 3 diffuse attenuation depths above and below 
the vehlole. Transects made either at oonstant depth, or at lines of 
constant o T oan then provide both verification of the remotely sensed 
measurements and oolnoldent measurement of Independent variables. 
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SECTION III 

BXISTINQ MEASUREMENT CAPABILITY 


Field experiments designed to Investigate ooeanlo productivity are 
interdisciplinary in nature and Involve data from a number of Instruments 
on different platforms. Central to future experiments will be the remote 
sensing data obtained from satellites as desorlbed by Vllson, 1981. These 
sensors will provide synoptlo measurements of ooean surfaoe temperature 
using both mlorowave and Infrared radlometry (of. Stewart, 1981), and 
measurements of surface wind-driven waves using radar soatterometry (of. 
O'Brien, 1981). Images of the distribution of ohlorophyll and of the 
diffuse attenuation coefficient (of. Esalas, 1981) will be provided by 
ocean color scanners such as the CZCS. These Instruments, in oonoert, 
maximize the scientific return from surface and In situ observations by 
permitting the regions of Interest to be selected In real time from the 
synoptic data. 

The use of aircraft in these experiments permits the monitoring of 
surface features which must be covered repeatedly during a period of a few 
hours. Using airborne ocean color scanners and LIDAR Instrumentation, 
measurements of the surface color and of the near-surface vertloal 
distributions of chlorophyll can be obtained from the range-gated return 
from either single- or multiple- frequency excitations. The near-surface 
temperature profile can also be measured using either the Raman return or 
techniques based on Brillouln scattering, and the sea-surface temperature 
can be monitored using airborne Infrared Instrumentation. For a 
description of this instrumentation, see Campbell, et al., 1981. These 
measurements will permit an 1 nteroomparison with the satellite-borne color 
scanner and thermal sensors. 

To complement these observations, shipboard measurements of the 
physical parameters of the water column can provide the vertical structure 
of temperature and salinity, the distributions of suspended partloulate 
matter and of phytoplankton and zooplankton species, and water samples 
for chemical analysis. These measurements are essential for surfaoe truth 
and for the JLq situ calibration and verification of remotely measuring 
instruments. 


A. SATELLITE REMOTE MEASUREMENTS 

The satellites which have carried Instruments relevant to ocean 
productivity are listed in Table 1 together with the instrumentation on 
each. These Instruments are described (of. Stewart, 1981) in Table 2, 
where the accuracy and resolution with which each measurement can be 
determined are listed together with the spatial area over which the 
measurement are obtained. 
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SATELLITES WITH OCEAN PRODUCTIVITY INSTRUMENTS 
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Scanning Multi frequency Microwave Radloneter 


SATELLITE INSTRUMENT PERFORMANCE 
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1 . Sea-Surf aoe Temperature 

The sea-surfaoe temperature has been measured both by Infrared and 
by mlorowave techniques. Measurements to an aoouraoy better than *1°C and 
a resolution of *0.2°C have been made using the Advanoed Very High 
Resolution Radiometer (AVHRR) on NOAA-6. This Is an Infrared soannlng 
radiometer which monitors the emitted and reflected radiation In four 
ohannels including a visible ohannel at 0.55- 0.90 urn, and three Infrared 
ohannels at 0.73-1*3 Mm, 10.5-11.5 urn and 3*55-3*93 u m. In the absenoe of 
olouds, the effeots of atmospherio water vapor and aerosols oan be removed 
from the data, and estimates of the sea-surfaoe temperature obtained, 
using the data from all four ohannels. 

A seoond Infrared measurement of the sea-surface temperature oan 
be obtained using the 11.5 Mm band on the CZCS. The relatively poor 
resolution In temperature results from the laok of additional Infrared 
ohannels and from the oolleotlng aperture used. The data are susoeptlble 
to interference by olouds and rely on the atmospherio oorreotiona derived 
from the oolor algorithms to remove atmospheric effects on the measurement 
of sea-surface temperature. 

Microwave techniques have been employed in the Scanning 
Multiohannel Microwave Radiometer (SMMR) for the measurement of sea-surfaoe 
temperature. This instrument uses five miorowave frequencies with dual 
polarization on each to obtain *1°C accuracy. These measurements oan be 
made in the presenoe of clouds without precipitation but are subjeot to 
sunglint, to the brightness of adjaoent land, and to radio frequency 
interference effeots as well as to the effeots of sea-surfaoe roughness. 

2. Near-Surface Winds 

Microwave and scatter ometry techniques have been used to infer the 
near-surfaoe winds from the looal formation of oapillary waves. The 
Seasat-1 Soatterometer System (SASS) measures winds in the range 5 to 
24 m/s to an accuraoy of *1.6 m/s. These measurements encompass 360°, with 
a directional aocuraoy of *16°, and a directional ambiguity which is 
correct 661 of the time. From these measurements, the surface wind stress 
can be deduced from the off-nadir oapillary wave speotrum, and near-surface 
fluxes oan be derived using the other measured physical parameters. 

Additional measurements of wind speed are available from the SMMR 
on Seasat-1 and on Nlmbus-7* This instrument provides an accuracy of 
*2.5 m/s in wind velocity but does not give wind direction. 

3. Horizontal Distribution of Chlorophyll 

The spatial distribution of chlorophyll in the upper portion of 
the euphotic zone can be determined from the Coastal Zone Color Scanner 
(CZCS) on Nimbus-7. This Instrument (of. Hovis, et al., 1980) is a passive 
mul tispectral radiometer which monitors five ohannels in the visible 
portion of the spectrum to evaluate the presenoe of chlorophyll and other 
pigments by measuring the upwelling radiance in spectral bands which have 
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been chosen to provide maximum oontrast in the refleotanoe apeotra of 
ohlorophyll -bearing organisms. Algorithms have been developed (of. Smith 
and Beker, 1982, Gordon, et al., 1 9 80 ) to remove the effects of the 
atmosphere from the signal and to oompute the concentrations of ohlorophyll 
and other pigments to an accuracy of *30# over a range of 0.1 to > 5 pg/1 
ohlorophyll. From these data, the diffuse attenuation ooefflolent oan also 
be obtained to an aoouracy of *15# over a range 0.01 to 6 m~1. These 
algorithms use the relative intensity of bands in the red portion of the 
spectrum to assess the rather large atmospheric oorreotlons, thus 
permitting the extraction of the upwelllng radiance from the ocean in each 
spectral band. The Instrument is limited to observations during daylight 
hours and relatively clear weather, and cannot accurately measure the 
chlorophyll concentration within 2 to 3 km of the land because of the 
increased spectral brightness of the land. 


B. AIRCRAFT REMOTE MEASUREMENTS 

Aircraft can be used to provide additional Instrument capability 
to augment satellite observations, and to provide temporal coverage with 
repeat periods of a few minutes to a few hours. The principal aircraft- 
borne instruments which are presently available are described in the 
Chesapeake Bay Plume Study Proceedings (cf. Campbell and Thomas, 1981). 
These include instrumentation for the measurement of chlorophyll 
concentrations, chlorophyll fluorescence, salinity, and sea-surface 
temperature. Many of the instruments are large and require a P-3 or other 
large fixed-wing aircraft for operation. In the future, compact systems 
may be required for use on aircraft of opportunity rather than on a 
designated aircraft. The quality of the measurements obtained from these 
instruments are subject to weather but provide the capability for an 
increased horizontal resolution and thus a greater spatial frequency 
compared to satellite instrumentation. 

1 . Near-Surface Temperature 

The sea-surface temperature has been measured during Superflux 
(cf. Thomas, 1981) using a PRT-5 passive infrared radiometer which is 
commercially available. This instrument is similar in character to the 
satellite infrared sensors and subject to the same considerations. 

The near-surface vertical temperature structure has been measured 
(cf. Leonard, et al., 1 97 9* Leonard, 1980) using the water Raman (0-H 
stretch) technique. Present accuracy is *1°C to *3°C using the 500 nm 
excitation line from a dye laser operating in a controlled laboratory tank 
environment. Depth capability is limited to 1 to 2 optical attenuation 
depths, range-gated at 2 m. The ultimate sensitivity of this technique 
should be substantially better than ±l°C for cases in which the surface 
conditions are well defined. The resolution depends on the differential 
circular depolarization caused by the monomer and polymer species. The 
accuracy with which a measurement can be made is determined both by system 
noise considerations and by depolarization effects caused by particulates 
in the water column. A complementary technique, described by Hirschberg, 
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•t al., 1 977* uaea Brillouln photon-phonon scattering to provide a aaaaura 
of tha local aound apaad In tha water aa a funotlon of depth. Both aatboda 
provide lnforaatlon about tha vertioal dlatrlbutlona of taaparatura and 
salinity. 


2. Saa-Surfaoa Salinity 

Using an L-band paaalva alorowave radioaatar in oonjunotlon with 
tha aaa-aurfaoa taaparatura aaaauraaant froa tha PRT-5, aaaaureaanta hava 
been aide of tha aaa-aurfaoa salinity to an aoouraoy of bettor then ±1°/oo 
(of. Kendall, 1981). Thaaa aeaauroaents are of auffloiant soouraoy to 
delimiate the pluaa atruotura in tha Chesapeake Bay and oould delineate 
ooeanlo fronts with siallar salinity discontinuities. 

3. Horizontal Distribution of Chlorophyll 

The airborne Ooean Color Soannar (OCS), tha forarunnar to tha 
Niabus-7 CZCS (of. Kin at al., 1980), ia a paaalva aultlspeotral radioaatar 
whioh is designed with tan bands in the visible and lnfrarad portion of tha 
spaotrua. Operating froa a Lear Jet during Suparflux III (of. Thoaaa, 
1981), this unit exhibltad the capability of traoklng a feature over a 
natter of hours, thus extending the period of operations beyond thoae for a 
satellite. Using algorlthns siallar to thoae developed by Salth and Baker, 
1982, and by Gordon , at al., I960, these data oan be used to display the 
spatial patterns of ohlorophyll and of suspended sedlnent load. The 
Multichannel Ooean Color Soanner (MOCS) and the Teat Bed Multlohannel 
Scanner (TBAMS) are siallar instruments, differing in resolution and aerial 
ooverage. The MOCS has 20 bands, 15 na wide in the visible and near 
Infrared and oan be flown both at high and low altitude. The TBAMS was 
flown only at high altitude, as was the OCS during Superflux II (of. 
Thoaaa, 1981). 

4. Vertioal Distributions of Chlorophyll 

The versions of ooeanlo L1DAR presently in use (of. Jarrett, e‘: 
al., 1979, Leonard, et al., 1979, Bristow, et al., 1980, Hoge and Swift, 
1981, and Jarrett, et al., 1981) are aotlve instruments whioh have the 
capability of aeasuring the vertioal temperature structure and the vertioal 
distribution of the fluoreaoenoe froa ohlorophyll and other plgnenta over 
the upper 1 to 2 optioal attenuation depths by range-gating the return 
signal. These instruaents use a pulsed laser source whioh transnits either 
a single- or a multiple- wavelength bean in the visible wavelength region 
froa 450 na to 510 na. Present oapablllty of the Airborne Ooeanlo Lidar 
( AOL) permits range-gating at 2 1/2 a intervals using a 20 ns laser pulse 
(of. Hoge and Swift, 1981). The fluoreaoenoe froa phyooery thrin at 585 na 
and froa ohlorophyll at 685 na oan presently be estimated to within *25> 
using this teohnique; however the penetration depth at 685 na is less than 
cne-fourth the depth of the deep ohlorophyll aaxiaua. 
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C. SHIPBOARD MEASUREMENTS 


Many of the physical and biologloal measurements of interest are 
presently being nade fro* shipboard instrumentation operating either on 
station or underway. Extensive use oan be Bade of these techniques in any 
future field progress as fundamental scientific data and as surfaoe truth 
and calibration data for the remote Measurements. 

1. Temperature and Salinity 

The vertloal profiles of temperature and salinity are presently 
obtained using expendable Bathy thernograph (ZBT) and Conductivity, 
Temperature and Deptu (CTD) Instrumentation which are available from 
commercial sources. The commercial units are now capable of resolutions of 
0.0005°C and 0.001 mmhoa in oonduotlvity. A shipboard LIDAR unit (of. 
Leonard, 1980) should provide along- tr a ole measurements of the temperature 
distribution in the upper 2 optical depths using the water Raman 
technique. Measurements of the salinity may also be available using an 
additional Brillouin scattering technique. 

2. Spectral Irradiance 

The upwelling and downwelling irradiance can be measured by a 
multichannel radiometer developed for open ocean work by Smith and Baker, 
1982. These measurements, coupled with measurements of the optioal beam 
attenuation coefficient using either a beam transmission device or using a 
LIDAR instrument to examine the Intensity of the Raman return, will define 
the integrated optical properties of the water column and provide a measure 
of the dissolved organic matter and of the concentration of suspended 
particulate matter in the upper water column. 

3. Biological Sampling 

Onboard pumping systems have been used to obtain water samples 
from several specific depths. These systems provide samples for the 
measurement of the fluorescence intensity, using a flow-through 
fluorometer, and provide filtered chlorophyll samples for calibration of 
the fluorescent measurements. These systems also provide samples for the 
measurement of the particle size distribution, using a Coulter counter, or 
other shipboard analytical technique, and for species analysis to determine 
the composition of the phytoplankton and zooplankton communities. 
However, pump systems necessarily impose limitations on the number and 
locations of samples. 

Multiple opening-closing nets (of. Herman and Platt, 1980) have 
also been used to sample zooplankton communities for calibration of both 
optical and acoustical instruments. To provide an auaquate sample, nets 
give a coarse vertical distribution of species abundances, Integrated over 
long path lengths. 
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4. Cheaioal Properties 

The measurement of oxygen, oerbon dioxide, end of nitrate, 
ammonia, and other nutrients is essential to understanding productivity in 
the water ooluan and the uptake of C0 2 by phytoplankton. These 
aeasureaents oan be Bade continuously with an onboard puaplng systea, and 
oan be analysed by stand ar- 1 oaaerolally available instrumentation. 


D. TOWED SUBMERSIBLE INSTRUMENTATION 

To provide aeasureaents of the along-traok two-dimensional 
(vertioal) physloal and biologioal properties of the water ooluan for 
correlations with two-diaensional (horizontal) surfaoe laages of ooean 
oolor provided by an ooean oolor soanner, a towed subaersible aust be used 
that has the capability of acquiring aeasureaents in the region between the 
surfaoe and a suitable depth below the seasonal theraooline. These 
aeasureaents should be aade in ooncert with laages obtained froa the ooean 
color scanner, with aeasureaents of the upper layer dynaaios, and with 
aeasureaents of the properties of the ocean surfaoe, obtained using ships, 
aircraft, and aoored arrays. A number of towed subaersibles whloh aay 
contribute to these measurements are planned or are in operation. 

1. Batfish 

The Batfish vehicle (Herman and Denman, 1977, Denman and Herman, 
1978, Herman and Dauphinee 1 9 80) is considered to be the baseline 
instrument against which we consider future designs. The Batfish is towed 
along an undulating traok 100 m in amplitude, with a wavelength of 500 a, 
at tow speeds approaching 6 to 8 kn. The instrumentation in the vehlole 
permits the measurement of the conductivity, temperature, depth, an la situ 
measurement of the fluorescenoe from phytoplankton, and the number density 
of particles in the zooplankton size range. An upward looking radiometer 
measures the downwelllng irradianoe, from which the spectrally resolved 
absorption coefficient can be determined, and an uplooking eohosounder 
determines the depth below the surface. A limited suite of instruments oan 
be accommodated with moderate difficulty in changing the instrument 
complement. The Batfish is operational and requires a crew of 4 to 5 to 
operate at sea. 

2. Sea-Mark II 

The Sea-Mark II (Holliday and Pleper, 1980) vehlole is under 
development. It is designed to be towed at approximately 5 kn at oonstant 
depth. A multiple discrete- frequency sonar, using 21 frequencies ranging 
from 0.1 MHz to 10 MHz will be used to oategorize zooplankton in size 
classes ranging from 100 u a to 3 cm. The Instrument is not range-gated, 
but integrates the return backsoatter signal over a range of 5 to 10 a from 
the source. Using a theoretical model based on the acoustlo scattering 
from liquid spheres, and using the measured target strengths of individual 
species, the return signal will be analyzed to produoe size classifications 
of the targets encountered. Surface verification will be provided by 
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shipboard sampling techniques. The capability for optloal measurements Is 
not presently incorporated Into the design. 


E. MOORED ARRAYS 

For the monitoring of regional basins and ocean ourrent systems 
that exhibit significant long-term as well as short-term variability, the 
use of moored arrays of sensors will be neoessary to provide long time- 
series measurements of the biological and physloal parameters that define 
the dynamics of the region. Among these are the measurements that refleot 
both the availability of nutrients and the biological productivity in the 
water column. The vertical profiles of temperature and of suspended 
partloulate matter, sampled at frequent intervals over a period of months, 
will yield information on the detailed time sequenoe in the dynamics of the 
upper mixed layer particularly when, because of weather or local surfaoe 
conditions, the region is out of view of a satellite. Monitoring the 
fluoresoence from chlorophyll and other pigments will permit an assessment 
of biological activity that can be coupled with acoustical measurements or 
zooplankton to yield long time- series information both on the productivity 
of the biomass and on the distributions of and the interactions between the 
phytoplankton and zooplankton communities. These measurements would 
require a number of moorings, spaced to provide the boundary value data for 
the region, and would require that such instrumentation be calibrated 
periodically to maintain a useful scientific return. 

The driving design considerations for a moored array are the power 
consumption and the data handling capability. Power must be internal and 
sufficient to operate a mooring for periods in excess of six months to 
provide a useful data stream. The data capability must include provisions 
for either continuous or periodic transmission of scientific and 
housekeeping data to shore, and the capability to monitor the mooring in 
real time from a ship on station. The design of such an array may benefit 
from the technology developed for a towed submersible. The combination of 
time series information with data from towed instruments and satellites 
provides the fourth, temporal, dimension required to develop an adequate 
picture of the physical/ecological interactions. 
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SECTION IV 


SCIQiCE REQUIREMENTS FOR J3L SITU INSTRUMENTATION 


A. SUBMERSIBLE SYSTEM DESIGN CONSIDERATIONS 

To provide vertloal profiles of phytoplankton and zooplankton 
distributions through the water oolunn, from below the seasonal thermoollne 
to the surface, a towed submersible must be constructed which oan 
accommodate both an underwater LIDAR Instrument and a multlfrequenoy sonar. 
This submersible should Include Instrumentation to measure the salinity and 
temperature distributions and an upward-looking eohosounder or pressure 
gauge for measuring the vehicle depth. 

The submersible should be designed as a modular vehlole oapable or 
accepting new Instrumentation with minimum modification to either the 
vehicle or the supporting systems. The vehicle should be designed for 
towing at a maximum speed from 5 to 10 kn, either at oonstant depth or at a 
constant value of the potential temperature, o_. The option for depth 
control should be available while underway from onboard the ship. 

The hull should be designed for minimum noise generation and 
maximum stability, with angular excursions not to exceed 1® from the tow 
path. The tow cable should be faired to reduoe cable strumming and noise 
generation, and may be Instrumented with thermistors. While maximum depth 
of operation will be 200 m, the shipboard winch should be capable or 
handling 500 m of cable, and the hull should be designed for maximum depths 
of 500 m. All components, including the eleotronlcs, the structure, and the 
instruments, should permit maintenance at sea. 

1. Data System 

The vehicle data system should collect, format, and transmit the 
data from the onboard sensors to the shipboard system. The design 
philosophy should optimize this system to accommodate the required data 
while maintaining a minimum amount of instrumentation in the submersible. 
The data system should also provide guidance and oontrol to tne vehicle. 

The shipboard data system should receive data from the 
submersible, merge this Information with navigation and scientific data 
from other instruments operated from the ship, and provide the capability 
to support a real-time display of the appropriate data, together with a 
statistical analysis of the data as required. This system should record 
the raw data in real time for post-cruise processing. It should also 
permit flexibility in the sampling of instruments In real time, and provide 
Instrument control as required. Provision should also be made to receive 
and evaluate satellite-derived data regarding weather and geophysical 
features derived from CZCS or other images. 
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2. Calibration 


Provision should be aada for at-sea calibration of aaoh of tha 
instruments aaployad in the submersible or on shipboard. Where possible, 
these oalibratlons should be oarrled out in situ, with particular attention 
being fooused on the speotral refleotanoe, on the fluoresoenoe from 
ohlorophyll and other pigments, and on the number density of suspended 
partioulate matter. 

3. Operations 

The submersible should be designed to be used as a national 
ooeacographio facility supported by muitiagenoy users in a cooperative 
mode. As suoh, the maintenanoe and operation should require minimum o rev 
training and shipboard operations, and the vehiole handling requirements 
should permit the vehicle to be deployed from a number of ships in the 
ooeanographio fleet. 


B. OPTICAL INSTRUMENTATION REQUIREMENTS 

The optical instrumentation should be designed to examine the 
vertical distribution of phytoplankton speoies, temperature, salinity, and 
water optical properties, from below the seasonal thermooline to the 
surface, by range-gating the return signal with a vertical resolution of 
1 m. The horizontal spacing between samples should be approximately 10 a 
because of the assumption that horizontal diffusion creates isotropy on 
soales that are small compared to the length scale for patchiness. This 
measurement scheme will create a blurring of the miorostruoture, which will 
not be resolved. 

To accomplish these goals^ the light source should be pulsed, with 
a pulse length of 5 ns and a pulse repetition rate of 10 to 100 Hz. The 
energy per pulse, and the maximum pulse rate, should be determined as an 
optimization of the range of the instrument, maximizing the signal- to- noise 
ratio for the required horizontal spacing, and maximizing the statistical 
content of the data. The minimum penetration depth should be 2 optloal 
attenuation depths at a wavelength of 500 nm. The instrument should 
simultaneously look upward and downward from the vehicle, using multiple 
excitation wavelengths between 440 nm and 510 nm to take advantage of the 
minimum in the absorption spectrum and the optimum exoitation wavelengths 
for chlorophyll fluoresoenoe, spectral refleotanoe, and species 
identification. The return signal should be spectrally resolved to examine 
the fluorescence bands of phyooerythrln at 585 nm and chlorophyll at 
6 85 nm, to measure the Mle scattering for the detection of particle 
concentration, and to measure the water Raman band for the estimation of 
the optloal properties of the water column. Suoh a spectrometer may also be 
used to examine biolumlnesoenoe in the band at 480 nm. The aoouraoy 
required for the measurement of ohlorophyll concentrations and for the 
water optical properties should be better than A 10 1 . 


26 


Temperature and salinity distributions should bt measured rasotaly 
with a resolution of 0.1°C/m to provide adequate resolution for 
blologloally in portent fronts. The aoouraoy required for the aeasureaent or 
teaperature is * 0.2° C and for the aeasureaent of salinity Is * 0.2°/oo. 
As sn alternative to the remote optloal aeasureaent of the teaperature 
profile, thermistors may be incorporated into the oable above and below the 
towed vehicle. 

The phytoplankton size distributions of interest ooour in the 
range of 3 mb to 200 \m . These partioles should be detected, and their 
volume concentrations estimated by the intensity of the Mle baoksoatter to 
an accuracy of * 10$. For calibration, the total volume of the aoatterlng 
centers should be estimated near the submersible using beam transmission 
technique^ or by nepheloaetry, whloh does not give a measure of particle 
size distribution. The use of fluorometry and of commercial counters to 
determine the particle size distribution in a sample pumped from near the 
surface can provide an adequate shipboard calibration of the remote 
detection techniques. 


C. ACOUSTICAL INSTRUMENTATION REQUIREMENTS 

To maximize the return of scientific data, it is required to have 
the spatial resolution and spatial coverage of the acoustical 
instrumentation comparable to that of the LIDAR. To aohleve this ooverage 
range-gating is required to a vertical resolution of 1 m, and sufficient 
signal- to- noise is required to produce a depth penetration for the 
acoustical Instrument comparable to that provided by the LIDAR instrument. 
Either simultaneous measurements of the phytoplankton and zooplankton 
populations are required in the same volume, or the measurement of 
statistically similar volumes must be made for the intercom parlson of these 
populations. The zooplankton of interest lie in the sLze range from 100 mb 
to 3 cm, and oharacterlstioally have a very low acoustic lmpedanoe and 
hence a very small target strength. To resolve these adze ranges, the 
acoustic frequencies must lie in the range from 0.1 MHz to 10 MHz. 
Multiple acoustic frequencies are required to determine the sLze class 
distribution to an accuracy of * 10$ and to determine the number dsnslty in 
each size class. 
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SECTION V 


OPTICAL INSTRUMENT TECHNOLOGY ASSESS MBIT 


A. SYSTEM DESCRIPTION AND FUNCTIONAL REQUIREMENTS 

1. Background 

The use of satellite-borne reaote sensing Instrumentation for the 
measurement of the horizontal distributions and abundanoea of oLlorophyll 
In tne oceans has been described by Smith and Baker, 1982 and by Gordon, at 
al., 1980. These studies have used data from the Nlabus-7 CZCS, Illustrated 
In figure 4, to measure the distributions of chlorophyll and to analyse the 
statldtloal properties of those distributions. The use of airoraf t-berne 
systems, such as the measurements by Bristow, et al., 1980, have inoreased 
our knowledge of the spatial and temporal behavior of these distributions 
and have provided complementary measurements on different spatial and 
temporal soales whloh, together with the satellite data, and with data from 
ships on station, will lead to a better understanding of the distribution 
and abundances of species. 

The remote observations of the physloal struoture of the water 
oolumn have used the water-stretch Raman measurements to infer the optloal 
properties of the water column and to Infer the temperature with a 
demonstrated accuracy of *3°C (of. Leonard, I960). These measurements have 
a potential aocuracy of *0.3°C, demonstrated theoretically by Leonard, et 
al., 1979. To complement these measurements, Hirsohberg, et al., 1977, 
have developed Brlllouln scattering techniques for the measurement of the 
local sound speed In water, which have a potential accuracy of better than 
-0.5°C if the salinity is known to within *0.5°/oo. These aoouraoles have 
not been realized In practice (of. Hlrschberg, et al., 1980). In regions 
of strong salinity gradient, the use of a combined Raman-Brillouin system 
may be required; however, In large areas of the open ooean, the salinity 
gradients are small above the seasonal thermoollne and a single point 
measurement of the salinity, together with occasional vertioal profiles of 
salinity and temperature will be sufficient to describe the vertioal 
physical structure of the water oolumn. 

The optical systems required for the In situ measurement or the 
vertical distributions and abundances of biota must use the spectral 
reflectance and the fluorescence froa a variety of pigments excited at a 
number of wavelengths and range-gated at 1 m Intervals through the water 
column. At present, no measurement has been made using 1 ji situ 
Instrumentation; however analogous measurements have been made froa 
alroraft and to a limited extent froa shipboard. 

2. Optical Systems 

The optical system for a submersible LIDAR must be capable of 
performing a number of simultaneous measurements on different physical and 
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biologioal prooessas to peralt tba oorralatlon of tba blologloal 
populations tilth tba pbyaloal anvironaant. Tba aeasureaents of tba 
vartloal distribution of teaperature and salinity ara oantral to any 
daaorlptlon of tba pbyaloal prooaaaaa in tba vat ar ooluan. Tba taobnlquaa 
of Raaan and Brlllouln scattering will ba explored aa poaalbla aouroaa for 
tbaaa aeanureaents. 

Raaan aoattarlng oooura as an lntaraotlon batwaan tba inoldant 
light field and tba tharaally exolted aolaoular vibrations in tba vat ar. 
Tba wavalangth of tba soattarad light la dataralnad by tba wavalangth of 
tba Inoldant light, shiftad by tba vibration of tba vat ar aolaoula. 
Baoauaa vatar oooura in both nonoaer and polyaar foras, having dlffarant 
vibrational fraquanoias, tba Raaan soattarad light baa tha spaotral 
distribution shown in Figure 6. This spectrua waa obtained froa filtered 
aaa water at 23.8°C, using an Inoldant wavelength of 455 na. Tba speotrua 
ia biaodal and tha teaperature la dataralnad by fitting an ideal blaodal 
distribution to tba data and ooaputing tba relative lntanaitiaa of tba 
aonoaer and polyaar peaks wblob deteraine this distribution. Tba relative 
lntanaitiaa ara weakly dependant on tba aallnity. A seoond, aora aoourata 
technique, depends on the differential depolarisation of tha Inoldant light 
in the Raaan band as a funotlon of teaperature. This taobniqua (of. 
Leonard, at al., 1979) should produce an aoouraoy of *0.3°C. 



Figure 6. Raaan spectrua froa filtered sea water at 23.8°C. 
Laser exoltation at 455 na. 
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The integrated Intensity of the Raaan bend le e funotion only of 
the Intensity of the lnoident light field end of the absorption of tbs 
Raaan soattered light in the water ooluan. The integrated signal in this 
band oan then be used to Measure the diffuse attenuation ooefflolent aa a 
funotion of depth by aooountlng for the attenuation of the transmitted and 
Raaan soattered beams. 

Brillouin scattering occurs aa an lnteraotion between the lnoident 
light field and ultraaonlo waves produoed in the water as a result of 
turbulent prooesaes. The resulting photon-phonon scattering produoes a 
symmetric pair of llnea, oentered on the lnoident laser line, and separated 
from it by a wavelength that is proportional to the sound speed in the 
water. This phenomenon is illustrated in Figure 7» which wan obtained by 
illuminating distilled water at 20°C with the 514.5 nm line from an Argon- 
ion laser. The baoksoattered light was examined using a Fabry-Perot 
interferometer with a high finesse. The central line in the figure results 
from Rayleigh and Mie scattering. The symmetric doublet is apaoed away 
from the central line by an amount proportional to the sound speed. For 
sea water in the normal range of temperature and sallnlty y this 
relationship is nearly linear in both temperature and salinity. 



Figure 7. Brillouin triplet in water at 20°C. 

Argon-ion laser excitation at 514.5 nm. 


The combination if the Raman and Brillouin techniques has the 
possibility of producing measurements of both the temperature and salinity 
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to aoouraoles of better than *0.3°C and *0.5°/oo respectively. There are, 
he. ever, difficulties in the use of these techniques whioh require further 
study. The frequency stability required for the Brillouin measurement a ay 
be in ezoess of that available from a pulsed laser, requiring a hybrid 
systea. Continuing researoh in this area is expeoted to resolve the 
questions of acouraoy and of the use of a hybrid technique. 

The spectral refleotanoe froa pigmented phytoplankton is a measure 
both of the partiole size through Mie scattering and of the absorption by 
the plgaents illustrated in Figure 2. The absorption is controlled by the 
state of health of the phytoplankton and by the distribution of speoles. 
By illumination at several wavelengths, and observation of the on- 
wavelength return for eaoh, the taxonoalo composition of the phytoplankton 
oan be determined in a manner similar to the aeasureaent of chlorophyll by 
the CZCS (of. Gordon, et al., 1980). Algorithms to extraot information on 
the taxonomic composition froa spectral refleotanoe data require additional 
information including the fluorescence efficiency and fluorescence 
signatures of the population in question. 

By an examination of the fluorescence of chlorophyll g, 
illustrated in Figure 8, and of the fluorescence from other pigments, a 
measure of the fluorescence efficiency may be obtained. Figure 8 was 
obtained by illuminating a culture of Dunaliella Tertiolecta in natural 
concentrations with a XeCl pumped dye laser at 455 nm. The resulting 
chlorophyll g spectrum is centered at 682 nm and has a full width at half 
maximum of 20 nm. The Intensity of the fluorescence is sufficient to 
permit detection by illuminating the culture with a single pulse from the 
laser. 



650 660 67 0 680 690 7 00 

WAVELENGTH 

Figure 8. Fluorescence spectrum from Dunaliella Tertiolecta. 

Laser excitation at 455 nm. 
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Bach of these conponer.. j of the LIDAR signal requires a high 
resolution speotroaeter to exaalne the data In detail. To aohleve a range 
resolution of 1 m, a laser pulse length of - 5 ns Is required. This pulse 
length plaoes restrictions on both the frequency resolution of the receiver 
and on the data processing system. 


B. TECHNOLOGY ASSESSMENT 

The optioal measurements of the distributions of partioulate 
matter, pigments and the temperature and salinity, to produoe vertioal 
profiles through the upper water column with 1 m vertioal resolution and 
10 m along track resolution, will require the use of sophisticated laser 
and optical spectral analysis technology. With the exception or the 
Brlllouin measurement of water temperature, these measurements oan be 
achieved with blue-green pulsed laser sources and range-gated multi-channel 
analyzer receivers. Measurement configurations employing continuous laser 
sources, such as a modified commercially available Argon-ion or HeCd laser, 
may also be considered, although these configurations will be more 
susceptible to multiple scattering effeots which may degrade the spatial 
resolution. 

This section considers the state of technology or blue-green 
pulsed laser sources and multi-element photodiode arrays which may be used 
to simultaneously collect the backscattered signals in a large number oi 
spectral resolution elements over the MO to 700 nm wavelength region. The 
rapidly developing CCD array technology is not discussed in detail in tnis 
section, although it should be stated that these devices are available with 
readout speeds which are consistent with commercial video requirements 
i.e., 10 MHz A/D converter sampling rates. 

In this application, the important properties of the potential 
laser transmitters are output wavelength, reliability and lifetime, and 
overall electrical efficiency. The importance of a tunable laser source is 
difficult to assess at the present time, although the capa’ ility of using 
at least two excitation wavelengths is required to characterize both the 
spectral reflectance and pigment fluorescence features. 

1. Blue-Green Laser Sources for Oceanic LIDAR 

Laser applications in probing sea water either remotely from 
aircrat t or ln-si tu from a submersible require a laser output wavelength in 
the blue-green spectral regior. For remote sensing from aircraft, or for 
fluorescence applications with low cross-sections, or low yields, a laser 
pulse energy of at least 10 mj is required. Range resolution of 1 m 
requires a laser pulse width of ^5 ns. For s submersible, optimum pulse 
energy and repetition rate are 1 to 10 mJ and 10 to 100 Hz, respectively. 
The capabilities of several laser systems which meet these requirements 
will be discussed. 
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The HgBr laser operates at 500 ns. Reoent experience has produoed 
an output energy of 1.4 J at 1.7? efflolenoy with a pulse duration of 
100 ns. Whether short duration (5 ns) output froa this laser oan provide 
effiolent f high energy pulses remains In question. Gas olroulatlon allows 
high repetition rates; however, the extreme oorroslvenesa of aeroury and 
bromine at the high temperature required for laser operation Bay preolude 
long-life operation. The lifetime for an optiaua system Is presently 
under study. 

Alexandrite Is a solid-state laser whloh operates In the 730 to 
780 nm range. Its output may be mixed In a orystal with the output from a 
Nd:YAG laser (1060 nm) to produoe 450 nm radiation. Both lasers may be 
flash-lamp pumped and Q-switohed for 7 ns output pulse durations. 
Subsequent mixing should then give a 5 ns output. Repetition rates to 
20 Hz are typloal of solid-state lasers. Since it is virtually identioal 
to Nd:YAG operation, minimal development would be required. However, this 
technique would require both the Alexandrite and the Nd:YAG lasers, 
produoing difficult alignment and stability requirements and introducing 
the possibility of damage to the mixing orystal at higher powers. 

The XeCl excimer laser system has a reported output of 5 J/pulse 
at 1.4? efficiency and recent results have shown greater than 2? 
efficiency. Spectral bandwidths of <1 GHz are possible, with pulse widths 
ranging from 4 to 200 ns, and with repetition rates determined by gas 
recirculation. Gas fill lifetimes of 3*108 shots have been demonstrated. A 
shifting of the 308 nm XeCl laser radiation directly to the blue-green 
(459 nm) may be accomplished by a near-resonant stimulated Raman process in 
Pb vapor. Initial experiments have resulted in energy conversion 
efficiencies of 40?, with theoretical improvements possible. The heat pipe 
used in these experiments had a several mcnth lifetime and was highly 
reliable. Other resonant and non-resonant shifters may be employed to give 
many wavelengths from 310 to 475 nm. A complete list of the wavelengths 
available from such sources is given in Table 3* 
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TABLE 3. COHERENT LIGHT SOURCES IN VISIBLE AND ULTRAVIOLET SPECTRAL REGIONS 
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a. Performance Charaotariatloa of Exoiaer Laaara 


Tha rare-gaa halide axolaar laaara hava undargona oonaldarabla 
davalopaant baoauaa thay provlda effioient, high anargy laaar output at 
aavaral wavelengths in tha ultraviolet. Tha output wavelengths ara: ArF, 
193 ns; KrCl, 222 na; KrF, 248.5 na; XaBr, 282 na; XaCl, 308 na; and XeF, 
351 na. All (axoapt XaF) hava fluoraaoanoa apaotra whloh indioata an 
output tuning ranga of about 1.0 na. Tunable, high anargy, narrow apaotral 
bandwidth output haa baan daaonatratad for ArF, KrF and XaCl In 
oaoillator-aapllfler systems. 

I. Pulaa Width, Enargy and Effiolanoy 

For an optiaizad XaCl ayataa, effloianolaa graatar than 1 % ara 
raallzad for lasar pulaa anargy graatar than one Joule. Tha affiolanoy la 
lndapandant of bandwidth baoauaa of tha hoaogenaoua nature of tha bound- 
free transition. Tha output pulaa width for an optiaizad XaCl laaar may 
ba varied from 5 na to 100 na by ohooalng an appropriate eleotrloal pulse- 
forning network while aalntalnlng high effiolanoy. 

II. Speotral Bandwidth and Beam Divergence 

For an untuned exoiaer ayatea, tha bandwidth and beaa divergence 
are typloally about 0.1 nm and 5 mrad, respectively. Control of theae 
parameters, aa well aa wavelength is aohleved by using an osoillator- 
aapllfler ayataa. For example, an injection-looked KrF laser ayatea haa 
produoed 1 J pulaaa with a spectral bandwidth of 0.001 na and a divergence 
of about 100 urad. The pul ae-aapliflcatlon of a continuous dye laser 
using a KrF laser haa produoed 60 mJ pulses with 3x10“5 n m width and a 
50 urad beaa divergence. This narrow bandwidth, low divergence output aay 
be soanned aorosa moat of the fluoresoence bandwidth (1.0 na) of the 
exolmer amplifier. 

ill. Repetition Rate and Lifetime 

Pulse repetition rates of 3 to 5 Hz are possible in a static 
aystea. Using laser gas reoiroulatlon, repetition rates of 150 to 1000 Hz 
have been aohleved without degrading the efficiency or beaa quality of the 
laser. A system lifetime of 3x10® shots to half-power (at 150 Hz) has been 
aohleved for the XeCl laser. Beoause these lifetimes are limited by 
electrode material ooatlng the output windows, improvements in electrode 
material and in gas reoiroulatlon are expeoted to extend the system 
lifetime to that of the eleotrloal discharge oircuit, - 10® oharge- 
dlsoharge cycles. 

lv. Laser System Soaling 

The rare-gas halide exoiaer lasers produoe a speolfic output 
energy of 5 aJ/oa3 and an output energy density of about 0.1 J/cm2. The 
soaling orlteria for these laser systems are reasonably well established, 
and a design for a specific set of requirements (energy, bandwidth, 
frequenoy, pulse width, and repetition rate) oan be predloted with a 
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mini bub of development. These systems ere the most efflolent visible or 
ultraviolet lasers presently available and henoe minimise the requirements 
for oritloal resources of site, weight, and power, while minimising 
complexity. The optloal oomponents used for frequenoy and bandwidth oontrol 
are similar to those used for any tunable laser, but the large (- 1 om 2 ) 
aperture of an exolmer minimises alignment requirements. 

b. Performance Charaoterlatlos of Copper-Halide Laaera 

Copper-halide lasers are attractive as possible underwater light 
sources beoause they are capable of emitting millijoule pulses with very 
high pulse repetition rates, thus produoing high average power output. 
The output of a oopper-hallde laser is at two visible wave lengths, 
510.6 nm (green) and 578-2 nm (yellow), with 60S of the power at the green 
wave length when the laser is operated at maximum pulse energy conditions. 

I. Pulse Width, Energy and Efflolenoy 

For both the 510.6 nm and the 578.2 nm output, the pulse width is 
about 20 ns. The pulse energy, and average power, of a oopper-hallde laser 
is a funotlon of the copper-halide vapor density (of. Plvlrotto, 1979)* At 
present, energies of 1 millijoule per pulse are attainable with 
efflcienoies of the order of 0.1$. Using a flowing buffer gas, the laser 
output pulse energy can be varied. In a typloal multiple-pulse laser, 
buffer gas flow rates of about 0.2 mg/s are used. 

II. Speotral Bandwidth and Beam Divergenoe 

With a stable resonator, the beam divergenoe half-angle is about 
1.5 mrad. With an unstable, confooal, resonator, the beam was estimated to 
have a divergenoe half-angle of about 0.1 mrad. The speotrum of the output 
line exhibits hyperfine structure distributed over several peaks. Etalon 
selection of a single peak will reduce the rather broad peak to the 
0.002 nm width characteristic of a single hyperfine transition. 

ill. Repetition Rate and Lifetime 

The oopper-hallde laser is relatively simple and can be built to 
produce either low or high pulse repetition rates. Extensive work has been 
done to achieve pulse repetition rates from single shot to 200 pulses per 
second using double-pulse techniques based on spark-gap technology. To 
achieve pulse repetition rates from 8x103 to 35x103 pulses per seoond, 
hydrogen thyratrons are incorporated into lasers using multiple pulse 
techniques. The lifetime of these lasers is determined by the consumption 
rate of the lasing medium and by the electrioal oomponents. In a flowing, 
multiple-pulse laser the consumption rate of oopper chloride is about 
0.3 gm/h of operation. Lifetimes in excess of 10® shots are presently 
attainable. 
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iv. Laser System Sealing 

The pulae width oan be reduoed to as low aa 5 na by 
proper pulae-dlaoharge olrouit design, which should lnorease the peax 
pulse intensity and effloienoy (of. Isaev, et al., 1972, Isaev, et al., 
1977). Operating the laser at higher pressure with heliua should reduoe 
the pulse length and the pulse energy, and produoe a saoother pulse 
Intensity dlstrloutlon with tine (of. Karras, 1980). Reduoing the else of 
the dlsoharge tube, and operating the laser at higher oopper-hallde 
densities should deoreaae the pulse energy, with a shorter pulse length and 
with a greater peak pulse intensity (of. Isaev, et al., 1977, Isaev and 
Leameraan, 1977). 

When a multiple- pulae laser is operated at optlaua conditions, the 
beam diameter should soale with the tube diaaeter. The aaxlaua theoretloal 
perform anoes of various oopper-halide laser configurations are suaaarlsed 
in Table 4. 


TABLE 4 

COPPER-HALIDE LASER SYSTEM PERFORMANCE 


PULSE REPETITION RATE 

(s- 1 ) 

1 

10 

10 2 

10 M 

Peak Pulse Intensity 
(kW/om 2 ) 

500 

500 

33( 500) 

75 

Pulse Energy 
(mJ) 

10 

10 

0.65(10) 

1.5 

Average Power 

(W) 

0.01 

0.10 

0.07(1.0) 

15 

Efficiency 
( t ) 

0.01 

0.05 

0.08(0.07) 

0.6 

Unattended life 
(h) 

30,000 

3000 

300 

750 


c. Performance Characteristics of Dye Lasers 

Dye laser systems are by far the most advanoed of the tunable 
visible lasers on the ooameroial market. By using interchangeable dyes, 
these machines oan be tuned through the visible spectrum. 
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1. Pulse Width, Energy and Efflolenoy 

Dye laser systems use an input pulse from another laser (eg. an 
exoimer), or from a flaahlamp. Because the inherent energy transfer 
efficiency is low, crltloal alignment is required to achieve optimum 
pulse energy. Output pulse energies of 25 mj per pulse are attainable for 
pulse widths of approximately 5 ns. 

11. Spectral Bandwidth and Beam Divergence 

Dye lasers are tunable over 10 nm bandwldths with a given dye; 
however the efficiency of the dye may vary strongly near the edges of the 
tuning range. Narrow spectral width operation is attained using a grating 
and an intracavity etalon, permitting a 0.01 nm to 0.001 nm bandwidth to be 
obtained, accompanied by a narrow beam divergence. 

ill. Repetition Rate and Lifetime 

Pulse repetition rates for dye lasers are often restricted by the 
recirculation time of the dye, and range from 10 to 300 Hz depending on the 
flow configuration. The lifetime at high power depends on the stability of 
the dye, and on the nature of any re circulation. Often, dye decomposition 
limits the operation to a few hours at high power, after which time the 
laser must be cleaned and fresh dye solution introduced. This will be a 
serious handicap in an underwater application. Lifetimes of 10? pulses 
may be an upper bound for many configurations. 

iv. Laser System Scaling 

The inherent complexity and inefficiency of a two-laser pump- 
amplifier configuration dominates scaling considerations at all levels. 

2. Frequency Shifting 

The high output power and high efficiency of excimer lasers allows 
the use of frequency shifting techniques to obtain an output in the visible 
part of the spectrum. The simp^st of these techniques is stimulated Raman 
scattering. Because the wavelength shift is fixed using this technique, 
tuning of the excimer laser also tunes the frequency shifted output, while 
maintaining the bandwidth. Other possible methods of wavelength shifting 
include sum or difference frequency mixing with another source, stimulated 
Brillouln scattering, and optical parametric oscillation. 

Stimulated Raman scattering will be discussed because it provides 
an efficient, stable, passive shifting technique for th«» conversion of 
laser radiation from one wavelength to another and may be accomplished with 
or without pulse compression. This process is a nonlinear intsruction 
involving the third-order nonlinear susceptibility x 3. a Stokes shilled 
wave builds up from spontaneous Raman noise through a X 3 Interaction with 
the pump field. As the first Stokes field builds it depletes the pump 
field and these two fields mix through a x3 interaction, to generate 
higher orders of Stokes and anti-Stokes waves. 
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The simplest case of this phenomenon is the nonresonsnt 
vibrational Raman shifting using gaseous molecules. For this technique, 
optimisation of the shifting cell's length and pressure oan be used to 
maximize the output for a specific number of Stokes shifts for a oolllmated 
monoohromatio input wave. Thus, several wavelength regions are aooessible 
using a speoifio shifting agent, and aooess to other wavelength regions 
oan be aohleved by the use of other agents. Oases suoh as H 2 , D 2 , CHg, and 
N 2 are used at pressures of 1 to 50 atmospheres to provide shifting 
increments of 4155 om” 1 , 2916 om , and 2326 om" 1 respectively. The 
threshold for stimulated Raman scattering in the visible is about 1 mW for 
a laser with high mode quality. Onoe this threshold has been reached for 
the first Raman shift, additional shifts are parametrlo with no additional 
threshold. 


Another method of stimulated Raman scattering is the shifting from 
a near-resonant electronic transition. This method requires a laser whose 
wavelength is in near coincidence with an eleotronio transition from the 
ground state to an excited state whioh has a strong transition to a third 
state, nils method is of Importance because a very large shift is possible 
in one step and oom, sting processes are minimized thus increasing the 
overall efficiency. Also, beoause the near-resonanoe of the prooess 
lnoreases the gain, low pressure operation is possible. This is important 
because the atomic metal vapors used are contained in heated pipes at 
temperatures up to 1000°K. 

A useful aspect of stimulated Raman scattering is the distinction 
between the forward and backward directions of Raman scattering caused by 
Doppler, or other broadening effects which are inhomogeneous to forward 
scattering but homogeneous to backward scattering. Thus the backward 
scattered field accesses a greater portion of the inoident field. For 
scattering in the forward direction the gain coefficient does not depend on 
pump-laser bandwidth; therefore, efficient broadband scattering is 
possible. In the backward direction, however, Doppler broadening and pump 
linewldth affect the ratio of forward to backward gain coefficients. 
Maximizing the backward gain requires the use of narrow-bandwidth pump 
lasers. The most important effeot of backward Raman scattering is pulse 
compression. As the backward wave builds in Intensity, pump depletion and 
nonlinear amplification on the leading edge cause a shortening of the input 
pulse. This type of pulse compressor can be considered as an energy 
storage laser whose energy is extracted by a short (Stokes-shifted) pulse 
via X 3 interaction through the media. Backward stimulated Raman 
scattering has been shown to be a very efficient means of oompressing and 
extracting the energy of a long input pulse into a short output pulse. 
This technique may be used in either resonance or nonresonance of the pump 
with the media. 

The exolmer lasers whose output wavelengths are closest to tne 
blue-green are XeCl at 308 no and XeF at 351 nm. Both of these wavelengths 
would require multiple shifts from H 2 (of. Table 3). However, alnoe 
computer models indicate that efficient high order stimulated Raman 
scattering requires a monochromatic beam of high quality, and because for 
the present application a short output pulse is desired, baokward near- 
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resonant stimulated Raman scattering of an ezolmer laser should be the best 
method of shifting and shortening the output pulse beoause both are 
accomplished in a single stage. 

The XeCl laser has shown high effiolenoy and high energy when 
operated with pulse widths of 30 to 100 ns and has demonstrated long gas 
lifetime (>3 x1q 6 pulses on a single gas fill). To shift and oompresa the 
output pulse from a XeCl laser, thallium, lead, or bismuth atomio vapors 
may be employed (with output wavelengths of 405 nm, 459 nm, and 475 nm, 
respectively). To produoe efficient, narrow bandwidth, dll'fraotion limited 
output from XeCl, an osoillator-ampllfier system is used. The output from 
this XeCl oscillator-amplifier system is then fooused into a heated oell 
containing the metal vapor. Near the foous, spontaneous baokward Raman 
emission will be amplified and will deplete the pump, producing a short, 
Stokes-shifted output pulse that is apeotrally narrow (~ 0.001 nm). 
Focusing geometries and metal vapor pressure oan be ohosen to optimize 
conversion. If high energies (>1 J) are desired, a stimulated Raman 
scattering oscillator-amplifier may be preferred, beoause the foousing of 
these high energies may give rise to competing processes in the near- 
resonant stimulated Raman cell. 

3. Characteristics of Multielement Diode Arrays 

Multiple-element detectors gather signals simultaneously on an 
array of discrete detector elements. Eaoh element is then aoanned in 
sequence by an electronloally-drlven shift register at a rate of 10 us per 
element. The time to scan the array is determined by the number or 
elements in the array. An additional 40 us is used between soans to reset 
the array. By comparison, the response time of a diode array to a short 
optical pulse(- 10 ns) is limited by the RC time constant, whioh is muoh 
less than the scan time. 

A dynamic range of 12 bits (4096:1) is accomplished with a low- 
noise, charge- sensitive preamplifier followed by peak detection in a buffer 
stage prior to A/D conversion. Signal integration on the elements between 
scans permits adjustment of exposure times to ensure that maximum use is 
made of the available dynamic range. Output of the A/D converter is 
recorded for later signal processing. 

While the remaining elements are being read, the previously 
scanned and cleared ones are again accumulating signal, noise, and 
background. The maximum scan rate available depends upon the apeciflo 
device obtained; commercial arrays from Retloon Corp. are available which 
are self-scanned and operate at 25.6 kHz. These devioes may be externally 
strobed for a data scan instead of using a free-running dock and can 
easily be operated in a gated fashion at data rates up to 1 MHz. Parallel 
output arrays in which each element has a separate output line are limited 
at present to 256 elements. 
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Photodiode arrays axparlanoa nolaa aasoolatad with a dark ourrant 
oauaad by leakage discharge of the oe peel tor In the absenoe of any optloal 
signal. This noise Is teaperature dependent and oan either be reduoed by 
■oderale oooling of the array or nay be reaoved by subtraction. Noise also 
arises from the eleotronios Involved In reading the array, whloh aay be 
reaoved by filtering, staple and hold ciroults, or by other teohniques. 
Slnoe this noise appears randoaly every tlae the array Is soanned, It 
oannot be reaoved by subtraction. An array with a photocathode as the 
initial optloal sensing eleaent also has theraally generated noise froa the 
oathode. This oan be reduoed by oooling and aay also be subtracted out. 

Blooa oocura when an intense light signal saturates a deteotor 
eleaent and spills over to adjaoent deteotor eleaents. In addition to 
severely distorting the signal, It is possible to daaage the deteotor array 
Itself; vidlcon detectors are especially susceptible to this prooesa. A 
strong signal aay blooa aoross the entire array of a vldloon and totally 
destroy the observed spectrua. Photodiode arrays, suoh as the Retloon 
devloes, blooa very little or not at all upon saturation of a particular 
detector eleaent, and are also capable of withstanding repeated saturation 
without damage. These properties of photodiode arrays are advantageous 
when observing pulsed return fluorescence signals over some spectral 
region. Low level signals aay be observed without blooaing froa saturated 
elements by increasing the gain on an intensified array. Because diode 
arrays have no inherent gain, gain is provided by the use of an inage 
intenslfier (mlcroohannel plate) In front of the array. Using two stages 
of Intensification, variable gain can be provided to values of 10&, thus 
providing photon counting capability. On the next laser shot, the gain aay 
be reduoed and the previously saturated high yield return signal exanined 
in detail without being dipped through saturation. As the gain aay be 
controlled electronically, this is an easy approach to inplenent 
experimentally. 

H. Research Required 

Several areas of instrument technology development and research 
are required to design a towed submersible Instrument. Quantitative data 
on the signal and noise levels to be expected for Brlllouin and Raaan 
scattering are needed. Quantitative data on the signal levels to be 
expected for the spectral refleotance in selected bands, and the optimum 
bands to be used for the measurement of chlorophyll concentrations are 
needed. Quantitative data on the signal levels to be expeoted for the 
685 nm chlorophyll a fluorescence band are needed for varying water 
conditions, and investigations into the underwater propagation of laser 
energy, including wavefront phase and amplitude effects, are needed. A 
theoretical analysis, substantiated by laboratory measurements, is needed 
to determine the spectral irradiance (Watta/cm 2 per wavenumber) on the 
entranoe aperture of a submersible Instrument for the measurement of Raman, 
Brlllouin, turbidity, fluorescence, and backscatter signals. The 
algorithms required to analyze these data and to produce information on the 
structure of the physical and biological features in the water are also 
needed. 
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Son* previous work exists in this area. Leonard, at al., 1 97 9* 
in a comprehensive paper on Raaan soattering measurements of ooean water 
temperature, provide a data base for the Raaan scattering oaloulatlons. 
The measurements of Benedek, et al., 1964, Chiao and Stoioheff, 1964, and 
of Stegeman, et al., 1970 oombine with the theoretioal treatments or 
Mountain, 1966 and of Fabellnskli, 1966 to indicate that a measurement of 
the Brlllouin spectrum will provide aoourate temperature and salinity data. 
Hlraohberg, et al., I960 have used Brlllouin scattering to measure 
temperature, both in the laboratory and in the field. Quantitative 
information on the signal levels from fluoresoence is available from 
Bristow and Nielsen, 1981, who demonstrate a good signal- to- noise ratio for 
ohlorophyll g fluorescence using a pulsed laser. 
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SECTION VI 


ACOUSTICAL INSTRUMENT TECHNOLOGY ASSESSMENT 


A. SYSTEM DESCRIPTION AND FUNCTIONAL REQUIREMENTS 

1 . Background 

The distribution of zooplankton in the euphotlc zone of the ooean, 
and the relationship between the zooplankton populatlona and the 
distributions of phytoplankton speoles are important in understanding the 
dynanlos of the food ohaln and in understanding the processes whioh affeot 
the global distribution of oarbon and nitrogen. At present, no techniques 
exist for synoptloally neesurlng the distribution of zooplankton 
populations from either alroraft or satellites beoause of the lack of any 
signature in the electromagnetic spectrum which bears a strong correlation 
to zooplankton populations. Thus, the measurement or zooplankton 
populations must continue to be made by shipboard and la aitu instruments 
whioh sample less than synoptio soales. The traditional sampling 
techniques using nets and pumps to capture samples for later examination 
oan be augmented by la situ remote measurements of zooplankton populations 
using aooustloal baoksoatter techniques in whioh the water oolumn is 
lnsonified either by a moored Instrument or by an instrument mounted on a 
towed submersible. This latter approach will provide a vertloal along- 
track profile which can be used to desoribe the distribution of zooplankton 
populations and the interrelationship between zooplankton and the phyaloal 
and biological environment. 

Several investigations have studied the distribution of 
zooplankton species In the water oolumn. Ehrenberg, et al., 19 80, have 
developed a dual coaxial-beam 1.2 MHz Instrument for determining the 
absolute value of the zooplankton target strengths. This instrument 
utilizes an inner beam which has a spread of 1/3° to looate the soatterer 
near the axis of the outer beam. The 1° spread of the outer beam insures 
that the scatterers that exhibit coincidence are located in a known sound 
rleld in the larger beam. Knowledge of the variations of the beam 
intensity profile with range permits accurate target strength 
calculations. The signal is corrected for spherical spreading, for 
attenuation, and for the response of the transducers. Transmitted sound 
pressure levels of 120 dB produce reverberations at levels of -140 dB 
from individuals at ranges of 10 m. This is in comparison to background 
and noise levels of -170 dB. To follow the temporal variability of 
patches of phytoplankton and zooplankton, these experiments include the use 
of a 32 thermistor vertical array to measure the temperature structure, the 
measurement of current, and the measurement of chlorophyll biomass by the 
use of a moored fluorometer. 

Greenbiatt, 1981 has used an 87 kHz sonar mounted on the R/V FLIP 
to study the diurnal migration of zooplankton and the motion of internal 
waves. This unit used a 1° beam mounted below the seasonal thermooline to 
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study the migration through the mixed layer. The vertical resolution 
varied between 3 and 50 m with pulse repetition rates of one per second. j 

These data were correlated with measurements of the temperature 
distribution, obtained using a thermistor wbloh was lowered through the 
mixed layer, and with samples obtained from a multiple opening and dosing 
net system. 

These results Indicate that the structure among zooplankton 
populations can be deteoted using scattering from layers of high 
concentrations, as previously reported by Pieper, 1977. No olearing was 
noticed which oould be attributed to avoldanoe of the aooustios,' however, 
large variations (lO 1 ?) are noted in scattering cross-sections o/na2, and 
variations of approximately 10* are noted In equivalent spherical diameter 
using the Johnson, 1977 liquid sphere model. These results point out the 
inadequacy of simple models which Ignore the details of scattering from 
dense collections of zooplankton exhibiting large differences in oross- 
sectlon and shape. 

Variations In the scattered Intensity In the mixed layer between 
day and night of 13 dB to 16 dB Indicate an early morning downward 
migration which occurs over a 1 to 2 hour period. The zooplankton exhibit 
an early evening maxims. In the mixed l&yer concentrations, with the 4 to 
8 mm diameter Euphausiids dominating the scattering late at night and with 
considerable differences in the clustering between day and night. 

Holliday and Pieper, 1980 have studied the distribution or 
zooplankton size classes in the upper water oolumn using four discrete 
frequency transducers at 0.5, 1.2, 1.8, and 3.1 HHz. Analysis using the 
fluid sphere models indicates that this frequency range covers the 
transition between Rayleigh scattering and geometrical scattering for 1 mm 
zooplankton. These transducers were mounted as a side-looking sonar on a 
device designed to be profiled on a wire from a ship on station Mounted 
on the instrument is a plankton pump for onboard sampling in the vicinity 
of the instrument and temperature and conductivity probes for measuring 
physical variables. Results have been obtained under a number of physical 
environments. 

The data from this Instrument has been analyzed using a smoothed 
version of the Anderson, 1950 liquid sphere model to account for the 
effects of the plankton carapace. Although significant differences exist 
between this approach and the physical behavior of zooplankton organisms of 
interest, the theoretical models are adequate to generate size-class 
ini uraation. These models do not account for either anisotropy or for an 
ensemble of scatterers In the beam with sizes in the range of 0.1 mm to 
10 cm. 

A significant amount of theoretical and experimental work has been 
directed to the understanding of the acoustic backscattering from 
zooplankton. These studies have demonstrated that the intensity of 
acoustic backsoatterlng depends strongly on the size and structural shape 
of the organisms and on the frequency. For the zooplankton of interest in 
these studies, ranging in size from 0.1 mm to 10 cm, the frequencies of 
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Interest are between 100 kHz and 10 MHz. The Interpretation of these data 
require measured or computed target strength data and the Johnson, 1977 
simplification of the Anderson, 1950 liquid sphere model. The target 
strengths are derived from laboratory experiments (Pleper, Private 
Communication) in which single animals were suspended by a 20 urn tether 
and individual target strengths were obtained. In these measurements, 1 mm 
Copepods were observed at a range of 39 on using a 10 MHz excitation. It 
is noted in these experiments that large differences exist between live and 
preserved species, with live species yielding target strengths that are 
higher by 6 dB. 

2. Acoustical Systems 

Two properties of acoustical systems are important in determining 
their performance: the maximum range, and the range acuity. The maximum 

range over which a target can be detected is determined by the signal-to- 
noise ratio of the instrument. The range is frequency dependent both 
because of differential absorption in the water column, and because 
practical limitations on transducer design require the beam spread to be a 
function of frequency. Frequency dependent effects can be removed from the 
data during processing. The signal-to-noi se ratio for detection of 
acoustical backscattered energy depends on the transmitted energy, on the 
receiver sensitivity, and on the acoustic scattering cross-section of the 
organisms under study. For an optimum receiver, an improvement in the 
signal- to- noise ratio requires an improvement in the transmitted energy 
which is the product of the pulse duration and the pulse amplitude, and is 
limited by the nonlinear physical properties of the water column. The use 
of a linear frequency-modulated sonar, based on the principles of chirp 
radar, will permit a substantial enhancement of the transmitted energy, 
over that available using a short duration single- frequency ping system, by 
increasing the duration of the transmitted signal while maintaining the 
ability to time-gate the return signal, and to resolve the range to the 
desired 1 m depth increment. Uncorrelated background noise remains 
constant for a linear frequency-modulated system and establishes the 
minimum detectable energy for correlated scatterers and volume 
reverberation alike. 

The range resolution of an acoustic signal is proportional to the 
reciprocal of the bandwiuth of the transmitted signal. For a constant 
frequency system, the bandwidth is the reciprocal of the pulse length, 
hence a range resolution of 1 m requires a pulse duration of no more than 
0.67 ms. The chirp instrument uses pulse compression techniques to permit 
the construction of a transmitted signal that exhibits a bandwidth 
appropriate for the range acuity desired, while extending the time for 
transmission. This is achieved by the use of a low bandwidth linear 
frequency modulation superposed on a high frequency signal, permitting an 
arbitrary pulse duration at fixed bandwidth. For such an instrument the 
transmitted power increases as the pulse duration while the bandwidth, and 
hence the range acuity, remain fixed. This may be considered as a 
continuous time ae; ies of single- frequency pulses, each of an appropriate 
length determined by the ability to distinguish the frequency band in 
question, and each centered at an ever increasing frequency within the 
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United bend of the ohlrp as illustrated in Figure 9* Thus, for a chirp 
oentered at 500 kHz, with a 3 kHz ohlrp bandwidth, spanning a tine of 
300 as, the transmitted energy is 1000 tines that for a single frequenoy 
system with a duration of 0.3 ms. The 3 kHz bandwidth is snail ocnpared to 
the nlnlnun frequenoy of Interest in these studies, and variations of 
*1.5 kHz are not expected to contribute to uncertainty in size-olass 
definition within the errors which exist in the theory. 



To permit a direct comparison with proposed optical measurements 
of the structure of the phytoplankton populations, and of the physical 
structure in the water column, acoustical techniques should insonify a 
volume that is coincident with or statistically similar to the volume 
illuminated using optical techniques. This demands a range away from the 
towed vehicle that coincides with the optical penetration depth expected 
from the LJDAR instrument, and an lnsonlfled volume which is undisturbed by 
the vehicle and ty the tow cable. The sonar should be designed to have a 
narrow beam configuration with range-gate capability sufficient to produce 
a 1 m range resolution from a towed submersible. The frequency should span 
the range from 0.1 to 10 MHz, and be divided into a finite number of 
discrete bands. These frequencies should be chosen by consideration of the 
liquid sphere scattering model as a guide to the regions of maximum 
sensitivity of the organisms under consideration. The information to be 
recorded should consist of amplitude and time of arrival. It is expected 
that scattering from multiple organisms in the insonified volume will 
preclude the use of phase information for species identification. 
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B. TECHNOLOGY ASSESS*NT 


For remote Measurement? of zooplankton speolea through a Mater 
oolumn, Multiple frequency sonar ay a tea a are required whioh are oapable of 
range aouity with a reaolution of 1 a or better and auffioient signal-to- 
noiae to aoourately measure theae populations at rangea equivalent to two 
to three optioal deptba (> 50 u) in olear mater. Theae unite ahould be 
oapable of meaaureaenta of aoouatio baokaoatter energy throughout the Mater 
ooluan froa a vehicle towed at speeds up to 10 kn. The shipboard data 
handling ayatea ahould be auffioient to aupport real-time prooeaalng. The 
development of theoretioal models ahould prooeed in parallel uith the 
development of the technology. 

The technology diacuaaed here Mill inolude the present ayatea of 
multiple discrete-frequency sonar, and a proposed linear frequenoy- 
modulated sonar. The theoretioal modeling required to analyse theae data 
Mill be diaouaaed in the light of existing theory and of extensions of that 
theory. 


1. Multiple Discrete-Frequenoy Sonar 

Range resolution fcr a pulsed sonar is Inversely proportional to 
the duration of transmission, while signal energy and the resultant aignal- 
to- noise performance is proportional to the duration of transmission. The 
spectral content of a pulse burst is neither uniform nor bounded to a 
narrow frequency range. Often it is determined by the self-resonanoe 
properties of the sonar transducer Itself. The result is a suboptiaal 
spread of time domain energy. Sinoe time domain and frequency domain 
representations are related by a Fourier transform, the best resolution 
obtainable for a fixed bandwidth pulse system can be aohieved by envelope 
shaping the tone burst by a sin(t)/t response. 

A multiple discrete- frequency sonar array is presently under 
development by Pieper and Holliday which consists of a submersible 
containing 21 discrete transducers whioh are tuned independently to oover 
the frequency range from 100 kHz to 7 MHz. The frequenoy of each 
transducer is chosen suoh that harmonics do not compete with other 
transducers. The ultimate range and sensitivity remains to be demonstrated 
for this Instrument. Because the pulse has a maximum time-bandwidth 
product of unity, the projected energy per pulse, and the absorption in the 
water column as a funotlon of frequency limits the maximum range. Based on 
a target strength of -120 dB for 1 am Copepods, the return is expeoted to 
be limited to . ^nge of less than 8 m at 7 MHz. The pulse duration for 
each transducer is 50 us, corresponding to a range aouity of approximately 
4 cm with a repetition rate of 10/a. The beam divergence angles are 3° to 
6° and the signal is averaged over a range of 1 m to 8 m from the 
transducer. By pulse averaging, the signal- to- noise ratio can be Improved 
at the oost of spatial resolution. Improvement oan also be noted by 
increasing the pulse duration from 50 us to 300 us fcr those oases in which 
one meter range resolution is required. 
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This sonar will be aounted on a towed submersible whioh will 
operate to a depth of 100 m at tow speeds between 4 and 8 kn. This vehiole 
will oarry a 100 kHz up looking and downlooking sonar for bottom and aurfaoe 
following, a pressure transducer for depth, and thermistors to monitor the 
temperature environment. An onboard pump will provide a zooplankton sample 
along- track through a hose to the ship. This sample will be used to study 
the relative abundanoes of zooplankton and the abundanoes of ohlorophyll 
biomass using a shipboard fluoroaeter. 

2. Frequency-Modulated Sonar 

The simplest time delay spectrometry (TDS or ohirp) system allows 
two modes of operation. In the first mode, a tracking filter Isolates 
signals which have a constant time delay relative to the moment of 
transmission and displays the frequency spectrum of that blook of time 
delayed signals. The second mode isolates signal components having a 
constant frequency content and displays the time delay spectrum of signals 
occupying that frequency band. 

Time delay spectrometry measures both the time domain and 
frequency domain properties of signals passing through a propagating 
medium^ such as sound in water. The time domain property is oomplex, with 
an inphase and a quadrature component. The magnitude of this complex time 
domain response is proportional tc instantaneous total energy density. The 
phase of this complex time domain response is related to the Instantaneous 
partitioning of signal energy density between its potential and kinetic 
energy forms. Thus, the form of time domain data made possible by this 
technique differs from the conventional impulse response^ which is the 
lnphase component of the time domain measurement and is related principally 
to the potential energy density. 

The frequency is also complex, with an amplitude and phase. The 
amplitude is related directly to the conventional power spectral density. 
For the measurement of zooplankton, the logarithmic amplitude, time 
delayed relative to the moment of transmission, the energy-time 
measurement, and the logarithmic frequency spectrum for a given time delay 
between transmission and reception of sound energy can be used. 

In addition to the ease with which frequency domain and time 
domain measurements may be made, time delay spectrometry also offers 
technical advantages over more conventional techniques. One advantage is 
an increased processing gain relative to impulse or pulse measurements. 
This results because this technique utilizes a spread spectrum in which 
signal energy is uniformly distributed over a predetermined bandwidth for 
insonlcation, and return signals are despread to a much narrower bandwidth, 
depending on the measurement. The processing gain, expressed as the produot 
of transmit duration and the spread bandwidth, is the time-bandwidth 
product. Time-bandwidth products of 1000 for underwater applications 
provide signal- to- noise improvements of 30 dB over pulse systems having the 
same peak radiating power. 
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The control of speotrum bandwidth, and the resulting time and 
frequency domain resolution are an advantage of tine delay apeotrometry 
over conventional pulse systems. The system bandwidth is synthesised 
utilizing signals which bound and define signal energy in the frequenoy 
domain. Time domain results are oomputed from frequency domain 
measurements. This allows the measurement of nonoausal time domain 
properties. The time domain response includes an optimal resolution sinoe 
it is computed from a controlled frequency spectrum; the nonoausallty 
arises because the computed range time is not the clook time of the sweep. 

Frequency spectrum pre-whitening may be achieved for correcting 
frequency-dependent absorption in a propagating medium. When propagation 
loss increases with frequency, time domain pulse waveshapes become smoothed 
and spread unless corrections are made by proper choice of the frequency 
sweep. 


3. Modeling 

The target strengtn is proportional to the logarithm of the 
backscattering cross section, which can be evaluated theoretically only by 
using a scattering model. The only model widely used is the Anderson, 
1950 fluid sphere model with some simplifications introduced by Johnson, 
1977. The results of the Anderson, 1950 model are illustrated in 
Figure 10. The reason for the almost exclusive use of this model is that 
the sphere is the only geometric figure for which scattering cross sections 
can be evaluated analytically for each partial wave, with a summation over 
partial waves. Greenlaw, 1977 measured scattering strengths of individual 
preserved zooplankton over a range of frequencies. A simple scattering 
model was a good approximation for euphausiids and sergestid shrimp, but 
not for copepods, which exhibit a distinctive orientational dependence of 
the scattering cross section. Systematic deviations from the Anderson 
model are also noticed for ka > 1. The need for more refined models for 
acoustic scattering is also stressed in a more recent study (cf. Greenlaw, 
1979) on acoustical estimation of zooplankton populations. Consideration 
of nonspherical scatterers is the major problem of refined models. 

Early attempts to treat scattering from a prolate spheroid (cf. 
Yeh, 1 967) by extension of the analytic approach encountered significant 
numerical complications, as spheroidal wave functions are very awkward to 
handle. A more natural approach is that of the transition matrix (cf. 
Waterman, 1969), in which one constructs a matrix transforming from the 
initial, known incident wave amplitudes to the final, scattered wave 
amplitudes. Particularly interesting from the point of view of numerical 
simplicity, efficiency, and accuracy is the method of optimal truncation 
described by Visscher, 1900. The oentral idea is to minimize the amount of 
nonsatisfaction of the given boundary conditions of the problem caused by 
the finiteness of the truncated basis set. While in the general case the 
transition matrix can be full of nonvanishing elements, rendering 
calculations complex and expensive, in the special case of axial symmetry 
the matrix decomposes into diagonal blocks, greatly simplifying tne 
calculations. 
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Figure 10. The reflectivity for direct backward scattering 
of an acoustic wave from a liquid sphere. From 
Anderson, 1 950 . 


The T-matrix approach has been used to rederive Anderson's results 
for scattering from a fluid sphere (cf. Jacobi, 1982). The analysis of 
scattering cross sections for a spheroid, and the dependence of the 
backscattering cross section on the orientation of the scatterer, has not 
been performed. The T-matrix approach can also be extended in a natural 
way to a compound, layered scatterer, though the size of the matrix will 
increase with the number of scattering layers. Once the scattering cross 
sections are available for a fluid spheroid, the calculation can be 
extended to include the effect of an outer elastic shell and/or inner gas 
bubble, or swimbladder. 

While the discussion above refers to a single scatterer, it will 
be necessary to incorporate the effect of a collection of scatterers, as 
well as multiple scattering for a high density of scatterers, in this 
model. A number of such studies are available (cf. Sigelmann and Reid, 
1972, Westwater and Cohen, 1973, and Chow and Tien, 1976), where 
inversion techniques were used to determine droplet and aerosol size 
distributions in clouds. 
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4. Required Research 

The areas of Instrument technology developaent and researoh 
required to design a towed subaeraibla Instrument inolude quantitative data 
whloh permit the comparison of the ohlrp technique directly to a ping sonar 
having the same range aouity or resolution and the same pulse frequency and 
pulse Intensity. This comparison will permit the assessment of these two 
techniques and the evaluation of the anticipated signal- to- noise ratio 
enhancement from the ohlrp sonar. Quantitative data Is also required to 
define the detailed nature of the scattering of aooustlo signals from 
zooplankton populations, including the dependence on size distributions and 
species types. For this assessment, measurements are required of 
Individual target strengths. Additional modeling is required to extend 
these measurements to the backsoattered signal obtained from oolleotlons of 
individuals of various species. Effeots of non-spherical scatters and 
scattering from multiple targets should be Included in these analyses. 
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